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ABSTRACT 

Stimulus wavefonn parameters and stimulation protocois are fùndarnental to the 
use of electncal stimulation in medical applications. This thesis presents new simulation 
and experimental procedures that for the frst time can quanti@ the effects on nerve fiber 
recruitment patterns of variable stimulus waveform parameters, such as pulse width and 
changes in the stimulation protocol with respect to electrode orientation. 
The study of the effect of variable electricai stimulus wavefom parameters and 
stimulation protocols is important fiom the perspective of therapeutic and diagnostic 
medicine. Variations in the stimulus wavefom such as stimulus pulse width have been 
shown to offer some promise in ailowing for selective recniitrnent of nerve fibers and 
motor units based on nerve fiber diameter. The degree of selectivity achievable has not 
however been quantifieci under any stimulus electrode protocol. Standardkation of 
electrodiagnostic techniques such as motor unit number estimation would dso benefit 
fiom a quantified sîudy of nerve fiber recruitment patterns under d i f rent  stimulus pulse 
width conditions. Changes in the stimulus electrode orientation result in marked changes 
in the muscle response during conduction velocity tests. This phenomenon has not been 
investigated in any systematic ffion. In order to quantitatively study these effects, both 
theoreticdy and experimentdly, a number of tools and techniques had to first be selected 
or developed that include: (i) a sufficiently realistic mode1 of the myehated nerve fiber 
iii 
and nerve trunk that, for the first tirne in electncal nerve excitation studies, incorporates 
information associated with anatornically consistent fiber diarneter distributions; (ii) a 
more realistic mode1 of the tissue surrounding this nerve trunk that includes electrical 
anisotropy; (iii) a field simulation technique used to determine the potential fields at the 
nerve fiber surfaces (with different diameters and electrode distances) resulting fiom 
stimulus pulses with different puise widths; (iv) two novel sets of experiments, the first of 
which is used to stimulate a nerve trunk in vivo and fiom the resulting electrical response, 
determine the diameters of the nerve fibers that have "fired" under conditions of variable 
stimulus pulse width, the second of which is used to study the eEea of electrode 
orientation on the stimulus response. The techniques outlined above facilitate a 
quantitative cornparison between experimental and simulation results for the stimulus 
current pulse width studies as opposed to purely qualitative cornparisons that have been 
reported in the literature. A novel instrument design prototype is presented based on the 
electrode orientation experirnent, that can be used to standardize stimulus electrode 
orientation for multiple EMG (Electromyography) tests performed on a single subject at 
different tirnes. 
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Introduction 

Discussion of the Problem 
Electromyography @MG) is a routinely used clinical technique for the diagnosis of 
muscular, neurological or neuromuscular disorders. The basic principle behind EMG is 
the rewrding of electrid potentials generated by nerves and muscles. These electrical 
potentials can be produced by natural physiological rmi tment  of the muscles by the test 
subject. They can also be produced by electrical stimulation of the motor nerve where the 
signal propagates down the motor nerve to the target muscle group. Electrid stimulation 
in this ffishion is an integraI wmponent of nerve conduction velocity studies as weIl as 
motor unit estimation studies Cl]. 
Nthough electrical stimulation of nerves has been used for hundreds of years, it 
was not untiI this century that the mechanisms of nervous conduction of the electrical 
signal were understood. The p i o n e e ~ g  work by Hodgkin and Huxley lead to an 
enomous body of research on the electrical properties of excitable cells. Much of this 
experimental work has focused on the study of extremely large unrnyelinated neurons such 
as the giant squid axon. 
Of more practical importance to clinical electromyography is the study of the 
excitability of nerve fibers in vivo under different stimulus current conditions such as 
stimulus pulse width and stimulus electrode orientation relative to the nerve trunk. It has 
I 

been suggested that varying the stimulus current pulse width wiil a o r d  a degree of 
selectivity in terms of the motor nerve fiber diameters that are recniited, and consequently 
the recmited motor unit size [2]. The ability to selectively recmit motor units of dEerent 
size is especidly desirable fiom the perspective of Functional Electrical Stimulation. A 
quantitative study of stimulus pulse width effects is also desirable fiom the perspective of 
establishing consistent protocols during clinicd EMG tests. It is well known that stimulus 
electrode orientation relative to the direction of the nerve trunk influences the electncal 
response fiom the muscle. This fact suggests that optimizing the ability to orient stimulus 
electrodes consistently relative to the nerve tnink of a subject during daerent EMG tests 
would be highly desirable for the purpose of standardking or optimipng the test results. 
In spite of  this observation, stimulus electrode orientation eff- have not been studied in 
any systematic fashion. 
Theoretical nerve excitation studies to date have been Iimited by their focus on 
nerve fibers outside of a realistic tissue environment. Another drawback of these studies is 
that most, ifnot all, have been carrieci out on a single fiber. While these studies are useful 
in establishing trends associated with stimulus current requirements for a given diameter 
fiber to  reach threshold, they are not sufficient to quantitatively predict the recmitment 
patterns of  a nerve fiber population with a distinct fiber diarneter distribution. Single fiber 
stimulus duration simulations are also difncult, if not impossible, to  compare directly with 
in vivo experimentai results. 
Review ofPrevious Work 
The study of electrical nerve stimulation has existed for hundreds of years and was 
pioneered in Italy by Galvani as reviewed in Rattay [3]. A thorough and empiricdly 
verifiable theory of nervous conduction was developed in the 1950's by Hodgkin and 
Huxley who were awarded the Nobel Prize for their work 14-81. Hodgkin and Hwdey's 
theory forms the bais  of the electrical equivalent circuit models of nerve fibers that, in one 
form or another, are widely used in nerve fiber excitability simulations. 
The electrical properties of biologicai tissue have also been investigated for many 
years. Reporteci measurements of tissue conductivity go back as far as the tum of the 
century 191. Since that tirne there has been a great volume of literature dedicated to the 
subject. Continuing interest in this area has been fueled by the large variety of applications 
of electricd impedance measurement in medicine. In the sixties and seventies there was a 
great deal of effort made towards developing electrical impedance measurernent 
techniques to monitor fluid accumulation in the lungs, ventilation characteristics and 
cardiac output [IO-151. More recently there have been efforts to develop an instrument 
that uses impedance measurement data fiom a subject to construct a two dimensional 
image similar to a compter aided tomograph (CAT)scan but without the nsk of exposure 
to x-rays [16-2 11. 
In addition to the purely experimental work focused on measuring fkquency 
dependent tissue conductivity [22-241, some investigators have attempted to develop a 
theoretid foundation for these measurements based on the geometric structure of the 
tissue and the electrical properties of the materials that compose them [25-271. 
A unified theoretical study of electrophysiology and the electrical properties of 
tissue has not been pursued to any great extent [28]. There have been several studies 
presented fiom the sixties to the present that focused on simulating a single nerve fiber in 
an idealized infinite extracellular medium and studying its response to electrical current 
stimulus 129-331. Relatively few publications exkt that mention the effect of a stimulus 
modality on a population of nerve fibers consistent with anatornically observed fiber 
diameter distributions [343. 
There are some references, particulariy in the ara  of Functional EIectncal 
Stimulation, that discuss the effect of variations in stimdus current wavefom on nerve 
fiber recruitment [2,351. It has been suggested that some recruitment selectivity, in terms 
of fiber size, could be achieved by varying the stimulus uirrent pulse width, however, a 
serious gap exists between the theory and the empirical studies that have been reported. 
Only qualitative comparisons between experimental observations and theoretical 
predictions can be made with single fiber stimulus strength duration simulations presented 
thus far. 
S c o ~ eof this Thesis 
The theoretical goal of this thesis is to develop a simulation tool to quantitatively 
study the effect of variations in stimulus pulse width on the recruitment patterns associated 
with a population of nerve fibers in a realistic tissue environment with an anatornically 
consistent fiber size distribution. This simulation approach is novel because it incorporates 
information about the nerve Bber population and the results can be quantitatively 
compared with experimental measurements. Development of the simulation tool requires 
knowledge of both tissue electrical properties as well as electrophysiological models of 
nerve fibers. In conjunction with the simulation discussed above, an experimental 
technique was developed for measuring data that could, for the fkst time, be quantitatively 
wmpared with simulation results. This technique is based on a motor unit number 
estimation algorithm with surface electrode stimulation and can be used to estimate the 
average recniited nerve fiber diameter observed under conditions of different stimulus 
pulse widths. The recniitrnent patterns observed in these experiments can be 
quantitatively compared with the simulation results. Surface electrode stimulation was 
used because, to date, it is still one of the most practical stimulation methodologies 
available [3]. 
Concepts fiom the field simulations discussed earlier, dong with relevant 
theoretical considerations are used to expiain the variations in muscle response observed 
with different stimulus electrode orientations relative to the direction of the nerve trunk. 
An experimental technique is developed to study stimuIus electrode orientation effects 
relative to the direction of the nerve trunk in a systematic fashion. This experiment can be 
used as the bais  of an automated technique for deterrnining the optimal stimulus electrode 
orientation during clinical EMG tests for the purpose of standardking such tests done at 
different times on the same subject. A wmputer wntrolled prototype instrument design is 
presented with this goal in mind. 
An expenmental and theoretical study of skeletal muscle tissue anisotropy is 
undertaken to establish the characteristics of the tissue environment. ANsotropic 
conductivity measurements were camed out on human as well as poultry skeletal muscle 
tissue. An equivalent circuit mode1 was developed and implemented in PSPICE 
(Simulation Program with Integrated Circuit Emphasis) based on the geometric properties 
of  skeletal muscle fibers as well as their electrical properties. 
Electricai equivdent circuit models of the nerve fibers used in the simulation were 
based on the characteristics of myelinated nerves. In d l  cases the nerve fibers were 
assumed to have linear electncal properties which, under certain restrictions, is a vaiid 
assumption. The problem was also assumed to be tirne invariant in that the firing of one 
nerve fiber was assumed to be independent and to have no effect on the k g  of ail other 
nerve fibers in the population. This assumption is widely believed to be valid [36].  
In order to accurately represent a realistic population of nerve fibers in terms of 
fiber diameter, a population of nerve fibers for efferent peripheral nerves, consistent with 
reporteci anatomical observations of fiber diameter, was randornly generated using a 
numerical technique that will be described later [37]. 
The simulation consists of two parts. The first part is a two dimensional finite 
diEerence electromagnetic field simulation that is used to calculate the potential 
distribution in the simulated isotropie (subcutaneous tissue and epineurium) and 
anisotropic (skeletal muscle and nerve fascicle) tissue domain. The second part uses the 
data fiom the finite difference simulation to determine the extracellular potentials dong 
simulated nerve fibers lying at specific depths in the simulated tissue domain. This 
program determines whether the simulated nerve fibers have been depolarized to a 
sufficient transmembrane potentiai to be recruited. 
In order to study the effects of anisotropic versus isotropie tissue media on nerve 
fiber recmitment, a series of experiments were canied out in which the orientation of 
electrodes placed above the median nerve was altered relative to the anatomicai direction 
of the nerve. 
Experirnents were carried out in order to determine the effect of current pulse 
width on newe fiber recmitment the results of which, for the e s t  tirne, could be directly 
compareci with the simulations. An automated technique developed for rnotor unit 
estimation was used for these experiments. The simulation as weii as the experimental 
results demonstrate that there is some selectivity achievable in the recmitment of nerve 
fiber sizes with variable current pulse widths. 
Chapter 1: The Structure and Function 
of Nerves and Skeletal Muscle 
Tissue 
In this opening chapter, background information is presented on the anatornical 
structure of peripheral nerves. The theory of nerve fiber excitation is presented with a 
detaiIed discussion of the processes that result in nerve fiber excitation. There is a 
fundamental diierence in the way in which nerves or neurons are recruited physiologically 
and the way they are recruited srtificially by way of electrical stimulation: this différence 
is emphasued. A review of skeletal muscle structure is aiso undertaken with the goal of 
explaining how the anatornical characteristics of skeletal muscle tissue give rise to the 
observed electrical anisotropy. 
1.1 The Basic Anatomv of the Nervous Svstem 
The tundamentai unit of  the anatomy of the nervous systern is the neuron. A 
neuron is a single ceil with a structure shown below in Figure 1.1 [38]. 
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Figure 1.1 An idealized diagram of the peripheral nemous system neuron Uustrating 
the major components that are associated with the ceiï body as weiï as the components 
associatedwith the axon. The drawing is not to scaie and the dashed lines on the axon 
tmphasize that the length of the axon is much greater than the Iength of the œli body 
and can extend for several tens of centimeters (381. 
The neuron consists most basically of a ceii body (soma), dendrites and an axon. The 
axon tenninates in branches that connect or synapse with other neurons or, in the case of a 
motor unit axon or fiber, with skeletai muscle fibers. Suice the neuron is a single çeil, its 
interior can be describeci most basically as consisting of a fluid material called the 
axoplasm in which the organelles are suspended. Surrounding the neuron is a ce11 
membrane that consists of a phospholipid bilayer in which are embedded transmembrane 
proteins. The most important of these proteins, fiom the standpoint of nervous excitation, 
are the voltage dependent gates that form an essential component of the process that 
changes the transmembrane potential of the cell. There are other proteins embedded in the 
ce11 membrane such as those of the sodium-potassium pump that perfom equaiiy crucial 
fiinctions for the cd1but are not directly related to the excitation process [39]. 
Surrounding the peripheral axon is a myelin sheath that consists of Schwann Celis. 
These cells wrap themselves around the axon and provide insulation fiom the highly 
conductive extracellular fluid for the electrical signal as it propagates down the length of 
the axon. The myelin sheath is interrupted at regular intervals by small 2.5 pm wide gaps 
referred to as the Nodes of Ranvier [33]. These gaps are the only points dong the length 
of the axon that the cell membrane is in contact with the extracellular environment. It is at 
the Nodes of Ranvier that the propagating electrical signal traveling down the length of 
the axon is regenerated [40]. 
Physiological recruitment of a neuron occurs when the terminal branches from 
other neurons that synapse with the dendrites on the c d body provide sufficient excitatory 
input such that the ceil membrane of the neuron reaches a threshold potential. In effect, 
the target neuron spatialiy and temporaüy integrates the input fiom up to thousands of 
other neurons. The spatidy and temporally integrated inputs to the target neuron 
detennùie whether the target neuron reaches threshold and becornes excited [38,40]. 
ArtEcial electrical r a i t m e n t  of nerves is an entirely different process than 
physiological recruitment. One primary dierence between these two recruitment 
processes is the matornical location of recruitment. In the case of extemal electrical 
stimulus, the neuron reaches threshold at some point dong the axon which is often 
referred to as the nerve fiber. This is the point of initiation of the electrical signal or action 
potential. Physiological excitation occurs on the cell body and dendrites of the neuron 
where the terminal branches of other neurons synapse. The anatomical location of the 
initiation of the electrical signal or the action potential on the neuron is in the vicinity of 
the axon hillock [40]. The mechanism of excitation for artificial electrical stimulation does 
not involve synapses or connections with the neuron but is detemiined by whether 
sufficient electricai stimulation has been applied such that the transmembrane potential at 
some point dong the axon is changed fiom the resting to the threshold value [41]. 
1.2 Mechanism of Nerve Fiber Excitation 
At the Nodes of Ranvier, the membrane of the axon is in contact with the 
extracellular solution. There are marked concentration differences between membrane 
permeable ions in the extraceilular solution and the ions internai to the c d  in the 
axoplasm. It is these ionic concentration dierences that maintain the transmembrane 
potentiai or the dBerence in the potential measured in the axoplasm and in the 
extracellular fluid at an equilibnum value. This potential E, can be related to the 
concentration difference of a single ionic species through the Nernst equation. An 
extension of the Nernst relationship is the Goldmann equation (1.1) that descnbes the 
transmembrane potential in the presence of the three most significant ions for nervous 
conduction specifically, sodium, potassium and chlonde. In generd, sodium and 
potassium ions are most crucial to the nerve excitation process [42]. 
The constants b and c represent the relative ionic permeability of sodium and chioride to 
potassium. 
The potentiai gradient created by the concentration differences in the ions can be 
viewed as batteries that drive the ionic cuments through their respective membrane protein 
gates. These gates in the membrane can be modeled as lumped parameter conductances 
for each specific ionic species since the gates are species selective. The conductance of 
each gate is representative of the membrane permeability to that specific ionic species. At 
equilibrium resting transmembrane potential, thz conductances of these voltage dependent 
gates are relatively smd.  It should also be noted that the phospholipid bilayer that foms  
the membrane of  the cell is a dielectric that has charged particles on either side of it which 
efféctively forms a capacitor. AU these elements of the ceii membrane can be combinecl 
into an equivalent circuit model that is representative of the electncal properties of a given 
Iength of axon membrane at the equilibriurn transmembrane potential. The equivaient 
circuit model is shown in Figure 1.2 [43]. 
Since the resting c e U  membrane potential is dBerent fkom the equilibrium Nernst 
potentials for sodium and potassium given their daerential concentrations on the inside 
and the outside of the cd ,  the question arises as to how the ce11 maintains these 
concentration gradients. At the resting membrane potential, sodium ions will have a 
tendency to flow through the relatively low conductance sodium charnels into the ceIl and 
potassium will have a tendency to fiow from the inside of the ce1 to the outside. The c e U  
maintains the resting concentrations of sodium and potassium inside by way of the sodium 
and potassium pump proteins that exist on the celi membranes. These specialized 
membrane proteins utilize chernical energy obtained fiom cleaving adenosine triphosphate 
molecules to move sodium ions against their naturai concentration gradient. Utiiiing this 
pumping mechanism, sodium is actively transported from the inside of the celi to the 
outside where the concentration is higher. In the sarne way, potassium is transported fiom 
the outside to the inside of the ceIl where it is in higher concentration [39]. 
Nervous excitation represents a state where the transmembrane potent id of the 
axon varies widely f?om the resting potential. The ion species specinc gates in the 
membrane of the axon do not maintain a static conductance. The ease with which these 
gates wnduct ions is dependent on the transmembrane potential and t h e .  If the 
transmembrane potential is increased fiom its equilibnum value of around -70 mV to 
approxhately 4 0  mV, the sodium ionic gates wiü open dowing more positive sodium 
ions into the cell interior fiom the extenor where these ions exist in a higher concentration. 
This process will further increase the transmembrane potential which wiU open the sodium 
ion gates even fûrther. A positive feedback process is therefore initiated that results in the 
transmembrane potential changing f?om approximately -70 mV to about +30 mV. At this 
point the neuron is said to have £ired or become excited [44]. 
The sodium gates are time dependent and they will begin to close after a naction 
of a millisecond choking off the i d u x  of positive sodium ions. Simultaneously, the 
potassium gates will open allowing positive potassium ions to move fiom the ceil Ïnterior 
where they are in higher concentration to the extenor of the cell. With the emux of 
positive charge, the ce11 transmembrane potential is retumed to the resting equilibrium 
vdue [44]. 
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Figure 1.2 Equivaient circuit mode1 of a unit area of nerve ceU membrane. The 
diagram shows the Iumped parameter ion specific membrane conductances that are a 
function of the transmembrane potentiai Vmand the time t. In the diagram VI+= -85 
m ~ a n dv%+= 35 r n ~  
Once the action potential is generated in an unrnyelinated fiber, the wave of 
depolarization will move in aii directions away fiom the initiation site. If the initiation site 
is on the axon, then propagation will o m r  in both directions. Voltage dependent ionic 
gates that are a short distance fiom the initiation site will become depolarized sethg up 
the sarne positive feedback mechanism and allowing the electncal signal to propagate 
down the length of the axon or nerve fiber. There is a refiactory penod for the sodium 
and potassium voltage dependent ion channels in the membrane. This refi-actory perîod 
lirnits the fiequency at which the neuron can be stimulated since the sodium and potassium 
channels will not increase their conductance appreciably again for a few milliseconds after 
the initial action potential is generated. 
Propagation of the action potentiai down the length of a myelinated fiber difEers 
from the unrnyelinated case. The myelinated fiber consists of insulating Schwann cells at 
regular intervals as shown in Figure 1.1. When an action potential is generated at a 
specific Node of Ranvier, the positive current WUflow down the length of the fiber which 
will result in a depolarization of the membrane. Due to the presence of the insulating 
Schwann ceils, ody a relatively smaii arnount of current will leak back through the 
membrane to the extracellular environment and the region over which the membrane is 
depolarized is effectively lengthened. At an adjacent Node of Ranvier, the membrane 
depolarization will be sufficient to generate another action potential. This process is 
refemed to as sdtatory wnduction and wiii continue down the length of th3 axon 1421. 
1.3 The Anatomv and Function of Skeletal Muscle Tissue 
Skeletal muscle tissue is one of several muscle tissue types. There are other types 
of muscle tissue such as cardiac muscle tissue which in many respects is very similar to 
skeletal muscle tissue in terms of its striated appearance. Smooth muscle tissue is different 
in that there is no regular geometric arrangement of muscle fibers in smooth muscle as is 
found in cardiac or skeletal muscle tissue [Ml. 
During routine dinical EMG studies, the investigator will often attempt to 
stimulate a motor nerve to eiicit a response fiom the muscle that it innervates. A good 
example of this type of test is stimulation of the median nerve in the arm that innervates 
the thenar muscle in the proximal thumb [45]. The tirne delay or latency between the 
instant of stimulation and the muscle response can be used as a diagnostic variable that is 
indicative of the status of the median nerve. An unusually long latency or no response of 
the thenar muscle can be indicative of some type of nerve pathology 1461. 
The motor nerve fibers in the median nerve synapse with muscle fibers in the 
thenar muscle of the hand. The signal conducted d o m  the nerve fibers is electrical in 
nature and is conducted by the mechanisms discussed earIier. When the electrical signal 
reaches the end of the neuron branch, a neurotransrnitter, acetylchohe, is released fiom 
the end of the branch into the synaptic clef3 which is the region between the presynaptic 
neuron membrane and the muscle fiber post synaptic membrane. On the muscle fiber 
membrane under the branch terminus are receptor proteins that open and dow  sodium 
ions to  fiow into the cell when a neurotransrnitter binds with them. If a sufficient number 
of these neurotransrnitter binding protein gates are activated by the neurotransmitter 
released fiom the presynaptic membrane, the muscle fiber is recruited and an electrical 
action potential propagates down its iength facilitated by very similar mechanisms to those 
discussed earlier for nerve excitation. Under normal cucumstances, the synaptic potential 
at the end plate is always supra-threshold and initiates a muscle fiber action potential. In 
this way, the electricd impulse that traveled down the nerve is converted to  a chernical 
signal that propagates across the synaptic cleft between the nerve and the muscle fiber 
membranes. The impulse once again becomes electrical in nature once the muscle fiber 
reaches the excitation threshold potential. 
Muscle fibers are single threadlike cells with a diameter of approximately 100 pm 
and a length of up to 30 cm that contract when they are recruited by an action potential 
from a motor nerve fiber. These ceUs contract to approximately 60% of their resting 
length [46]. The arriva1 of  the action potential at the muscle fiber initiates a chah of 
events that result in the contraction of the muscle fiber. As a result of the propagating 
electrical action potential dong the muscle fiber, calcium ions are released from the 
sarcoplasmic reticulum into the interior of the fiber. The sarwplasmic reticulum is an 
organelle or structure that exists in the interior of the muscle fiber. The calcium ions 
initiate forces of attraction between filaments in the muscle fiber that are composed of 
actin and myosin. These filaments slide together which constitutes the contractile process. 
M e r  several miüiseconds, the calcium ions are pumped back into the sarcoplasmic 
reticulum. These ions remah in the sarcoplasmic reticulum untii they are released again by 
another action potential propagatîng dong the length of the muscle fiber. 
Muscle fibers do not contract individuaily. AU the muscle fibers that are supplieci 
by a single motor nerve fiber contract as a group [46]. The nerve ceil body in the spinal 
cord, its axon or  nerve fiber, the terminai branches of the axon and all the muscle fibers 
that are innervated by the branches f om  a single motor unit. The overall structure of the 
motor unit is wnceptually diustrated in Figure 1.3. The nurnber of muscle fibers in a 
motor unit is dependent upon which muscle the motor unit belongs to. If the muscle is 
responsible for fine control such as those muscles involved in eye movement, then the 
number of muscle fibers in a single motor unit could be on the order of 10 fibers. If 
however the muscle is relatively large, such as the biceps brachii which is located in the 
arm, then there may be several thousand muscle fibers in a single motor unit such as found 
in the medial head of the gastrocnemius muscle [46]. 
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Figure 1.3 Anatomid definition of a motor unit. The motor unit consists of the ceii 
body in the spinal gray matter, the motor axon, and aii the muscie fibers that the neuron 
synapses with. 
The nature of muscle fiber contraction is far different fiom what we observe during 
motion when we use our muscle groups to  move. The raising of an arm or  the movement 
ofa hand appears as a fluid smooth motion that would suggest that the contraction of the 
muscle groups involved in the motion is also auid in nature. Individuai muscle fibers that 
belong to  a single motor unit contract very quickiy and almost in unison although the 
potentiais that they generate can be separateci by up to a few milliseconds. The tirne it 
takes for a muscle fiber to contract and relax completely is anywhere between a few 
rnilliseconds to approximately 200 rnilliseconds [46]. Fluid contraction of muscles, as we 
observe in practice, is a result of the averaging of these motor units that contract 
individuaily very quickly but in an un-synchronized fashion. 
The potential developed by a motor unit is approximately 5 to  12 miiliseconds in 
length. Action potentials recorded fiom individual fibers are on the order of about 1 to 2 
rnilliseconds. A seerningly huge discrepancy exists between the overall motor unit 
potential duration and the duration of the action potential f?om a single fiber in the motor 
unit. The motor unit potential is considerably longer because al1 the fibers in the unit do 
not f ie  exactly in synchrony but can be separated in tirne by a few rnilliseconds. Although 
the eIectncai impulse nom the motor unit can be relatively short, the mechanical 
contraction fiom a motor unit has been reported to be as long as a tenth of a second. In 
general, larger motor units produce larger motor unit potentials however this is not a hard 
and fast rule because of compticating issues such as the overall distance of the motor unit 
Grom the electrode [46]. 
During artificial electricd stimuIation of nerve fibers, the larger newe fibers are 
preferentially recruited first. Physiological recmitment in slowly changing contractions 
dEers  in that as we cal1 upon a muscle to provide more and more force against a load, 
srnaller motor units are recruited first. As the force requirement is increased, the larger 
motor units, with more muscle fibers, are subsequently recruited. At high force levels, the 
mechanism by which the force produced by the muscle is increased is predorninantly an 
increase in the finng rate of motor units as opposed to the recruitment of additional motor 
units. 
1.4 Modeline the Motor Unit Action Potential (IMUAP) and the M-Wave 
Figure 1.4 has been adapted fiom Basmajian [46] and illustrates schematically the 
genesis of a motor unit action potential. The diagram shows the teminais of a single 
motor neuron and its synapses with the associated muscle fibers in the motor unit. A 
bipolar electrode is aiso illustrateci fiom which the superposition of the individuai muscle 
fiber actions potentials is recorded. The relative amplitudes of the muscle fiber action 
potentials depend on their relative geometric distance fkom the recording electrodes and 
the filtering properties of the bipolar electrodes used to record the measurement. As a 
first order approximation, it is widely accepted that the amplitude of the individual muscle 
fiber action potential will decrease approximately inversely proportional to the distance 
between the active fiber and the recording electrode [46]. In addition, the sign of the 
phases of the action potentials WU depend on the direction f?om which the impulse 
approaches the bipolar recording electrodes one of which is wmected to the positive 
temiinal of a difFerentid amplifier and the other of which is connecteci to the negative 
terminal as s h o w  in Figure 1.4. 
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Figure 1.4 Idealized representatioa of the genesis of the motor unit action potential. 
The motor unit action potentiai is the superposition of the individual action potentials 
generated by the muscle fibers that belong to the rnotor unit. The diagram also 
illustrates the motor axon that drives the muscle fibers. 
Because the muscle fiber action potentials overlap in time, the resultant motor unit 
action potential (MUAP) referred to below as m(t) will be the spatial and temporal 
superposition of the individuai muscle fiber action potentials. 
A mode1 of the M-Wave that results fiom electricai stimulus of a nerve can be 
formulated in a manner that is similar to the formulation of  the EMG signal as presented 
by other investigators [46]. Since the electrical stimulus recniits al1 axons in synchrony, 
the first step in developing the model is to define the action potential in terms of a Dirac 
Delta Function that occurs at time t =0. 
M e r  the action potentiai is generated in a motor nerve fiber, the action potential 
propagates down the nerve at a speed that is dependent on the nerve fiber diameter. The 
time delay ti required for the action potential to propagate a b e d  distance to  the muscle 
fibers that wnstitute the motor unit can be represented in a conceptual block diagrarn with 
a delay component of fked time as shown in Figure 1.5. The shape of the motor unit 
action potential (MUAP) is specific to  each individual motor unit but can be represented 
genencdy in the model by a filter with an impulse response hi($). The output of the flter 
is the WAP. 
Figure 1.5 Block diagram of motor unit action potential model. The diagram illustrates 
an ideal delta function generated at t = O foilowed by a delay block representing the 
propagation t h e  to the motor unit muscle fibers. A linear system block with impulse 
response h&!) is excited by the delta fiindion d t i n g  in the rnotor unit action potential 
mi($)as show.  The time delay associatedwith mi(t) is li. 
The pulse representing the action potential for each individual motor unit can be 
written as in (1-2) 
4 ( t )=6(t) 
The arrivai of each action potential at the muscle fibers of the associated motor 
unit is delayed by a t h e  Zi that is dependent predominantly on the nerve fiber diameter. 
The expression for the action potential on mival at the muscle fiber is given by (1.3). 
6,( t )=S(t- f i )  (1-3) 
The resultant delayed delta fbnction is convolved with the impulse response of the 
filter representing the (shape generator) for the irh motor unit as shown in (1.4). 
A finite sumrnation can be written for the resultant M-Wave hereafter referred to 
as M(t) that is the superposition of ali the individual motor unit action potentials that 
resulted corn the electrical stimulus. 
A graphical interpretation of the expression for M(t) shown in (1.5) is illustrateci in Figure 
1.6which has been adapted nom Basmajian [46]. 
In the M-Wave mathematid mode(, the potential fiom the total number of 
individual motor unit action potential trains s that are detected at the electrodes is denoted 
as M(1). It is important to note that aithough a theoretical expression can be written for 
the M-Wave signai that results fiom the superposition of the individual MUAPs, this 
signal is not the detected signal in that it is compted by noise and modifieci somewhat by 
the electrodes as weii as the electronics in the instrumentation used to detect the signal. 
The overall expression for the M-Wave signal pnor to corruption by noise and the 
recording instrumentation is as show in equation (1.5). 
Figure 1.6 Idealized mathematical mode1 of the synthesis of the M-Wave signal. The 
mode1 showsthe idealized delta fûnctions that represents the action potentials generated 
by the motor nerves, each belonging to one motor unit. Once stimulated with the spike 
Like action potentials, the muscle fibers generate a uniquely shaped pulse that is 
superposed to form the M-Wave signal. 
1.5 The Phvsical Structure of Skeletal Muscle Tissue and Electrical Anisotrow 
Skeletai muscle tissue consists of cells referred to as muscle fibers which, as an 
approximation, can be viewed as relatively long slender cyhders. The ceU membrane 
consists of a phospholipid material that is a non-conducting dielectric. The conductance 
per unit area of a muscle ceU membrane is relatively smd .  A t y p i d y  quoted value for 
this conductance for flog muscle is 250x10~s/crn2[43]. In wntrast, the material inside 
the cell consists of a relatively high conductance auid-like substance referred to as the 
cytoplasm. Suspended in the cytoplasrn by protein structures are the various organelles 
such as the mitochondria that the ceii reiies on to  perform its normal metabolic fùnctions. 
It has been acknowledged for many years that skeletal muscle tissue exhibits 
difFerent electncal properties in diierent directions [9]. Figure 1.7 is an idealized 
illustration of a section of skeletal muscle tissue austrating the individual muscle fibers 
lying side by side. 
Figure 1.7 Ideaüzed repmntation of a section of skeletal muscle tissue. The drawing 
illustrates the genmetric arrangement of the muscle fibers that are roughly cylindrical in 
the real case. 
The geornetric nature of the arrangement of muscle fibers gives nse to the 
differences in electxical properties in the directions parallel and transverse to the muscle 
fibers. It is easier for electrical current to traveI in the direction parallel to the long 
cylindrical axis of the muscle fibers because, in this direction, the current travels through 
the relatively highly wnductive cytoplasm. Current flow in the directions transverse to the 
long cylindrical axis of the muscle fibers move through a large number of celi membranes 
that have a relatively low conductance when cornpared to the cytoplasm. 
There is a large body of experirnental and theoretical evidence that will be 
discussed in the following chapters that confimis this intuitive explanation of the 
directionally dependent electrical properties of skeletai muscle tissue. 
Chapter 2: Equivalent Circuit Models of 
the Nerve Axon and Skeletal Muscle 
Fibers 
In this chapter equivalent circuit models of skeletal muscle tissue and myelinated 
nerve fibers are discussed. Since both of these ceil types can be approximated as 
extremely long and narrow cylinders, the equivalent circuit models of skeletal muscle 
tissue in the longitudinal direction and unrnyelinated nerve axons are quite sirnilar. Initially 
the quivalent circuit model of the nerve fiber is presented and its physical bais  as it is 
related to the geometnc structure of the axon is discussed. Several variations of the 
model that have been investigated in the literature are described. 
A discussion of the skeletal muscle tissue equivalent circuit model, presented in the 
fiterature to simulate the fiequency dependent skeletal muscle tissue conductivity, is 
subsequently presented. A modification of the model based on that introduced by 
Nicholson [25]  and later expanded by Gielen and colleagues [26]is fùrther modified to 
d o w  for irnplementation in SPICE. Gielen's equivalent circuit model used to simulate the 
transverse fiequency dependent electrical conductivity is implemented in SPICE in its 
original form [27].Since a difYerent approximation of the basic geometncal shape is used 
in the literature, the section on skeletal muscle fibers is discussed in the context of 
hexagonal fiber cross sections as opposed to cyliidncal ones which is the wmmon 
assumption used when developing nexve axon equivalent circuit models. The formulas 
developed in the section on skeletal muscle fibers assume the hexagonal geometxy. 
A discussion of the electrical modeling of the nerve axon and the electrical 
conductivity modeling o f  skeletal muscle tissue is important because the developments in 
later chapters wiii use these two concepts. The skeletal muscle tissue electrical 
conductivity will figure prominently in the finite dinerence electromagnetic field 
simulations used to calculate the potential distribution due to current stimulation. The 
calculateci potential distribution will then be useci to detennine the extracellular potential 
dong  a sirnulateci nerve fiber, which wiil then be used to cdculate the transmembrane 
potential dong the nerve fiber in order to determine whether the fiber has received 
sufficient electrical stimulus to  become excited. Since the effect of cument stimulus on a 
population of nexve fibers will be examined, it is important to be able to  realistically 
simu!ate the distribution of nerve fiber diameters or sizes. The reason for this requirement 
is that the ease with which a nerve fiber is recruited is dependent upon its size. From a 
theoretical perspective, larger fibers are more easüy recniited than smder ones because 
they require less excitation current to reach threshold. To satisQ this requirement, a 
technique is described whereby a sequence of unifomily distributed random numbers can 
be transformeci to conform to any arbitrary probability densiîy finction. This technique is 
then applied to the generation of a sequence of random nurnbers that correspond to 
anatornically observed distributions of peripheral nerve fiber diarneters that have been 
reported in the literature. 
2.1 Equivalent Circuit Mode1 of the Nerve Axon 
To model the effects of the imposed extracellular field on the myelinated nerve 
axon, a cable quivalent circuit model is used that consists of passive conductances and, in 
the time domain simulation, passive capacitances. This modeling approach is sirnilar to the 
circuit introduced by Bean 1291 and used by Sweeney and colieagues [47]. There are 
severai assumptions inherent to this modeiing approach. In actuality, the transmembrane 
conductance per unit area of the nerve axon is a non-linear function of the transmembrane 
potential and t he .  To simpiifjr analysis, the assumption is made that the conductance of 
the membrane is hear up untii the nerve fiber reaches excitation 1291. It has been 
experimentally verified that there is a range of current amplitudes less than or equal to the 
threshold current for which aU excitable celIs will exhibit linear behavior. For this range of 
excitation currents, the transmembrane potential wiU be directly proportional to the 
excitation current. As the excitation current approaches the threshold value, the non- 
linear behavior associated with the transmembrane conductance will begin to manifest 
itself The range for which this linear behavior is observed is variable dependent upon the 
type of ceil under consideration [381. 
Figure 2.1 Equivalent circuit model of a section of myelinated axon, The circuit is 
superimposed on the axial cross section of the fiber in an attempt to relate the equivaient 
circuit components to the physical structure of the axone In the diagram, R,and R, 
represent the resistanœ of the cytoplasm and the exposed section of membrane 
reSpectiyely. The parameter C, represents the capacitanceassociated wiîh the exposed 
section of the membrane. ExtraceUuïar potentials at the Nodes of Ranvier are 
represented by Y,and intraceiiuiar potentials by f i  where the n parameter denotes the 
specific No& of Ranvier and V, is the resting membrane potential. The axon is 
assumed to continue on inboth ditections. 
Figure 2.1 iilustrates a section of the myelinated nerve axon and the associated 
electncal quivalent circuit model. The purpose of this figure is to demonstrate the 
relationship between the physical structure of the myelinated axon and the components in 
the equivalent circuit model. At the Nodes of Ranvier there is an exposed section of 
membrane of approximately 2 . 5 ~  Only at these points is the membranein length. 
exposed to the extracellular environment. The intervening areas of membrane between the 
Nodes of Ranvier are insulated by the Schwann ceils, in peripheral nerves, which are 
assumed to have an extremely high impedance relative to the bare membrane. 
Consequently, the assumption is made in nmially al1 models presented in the Literature 
that the Schwann ceiis are effêctively non-conducting. The membrane at the Nodes of 
Ranvier has a resistive component R, and a capacitive component Cm. In the intenor of 
the cd, the cytopiasm is predominantly resistive and it is represented by the & resistors in 
the distributed circuit model. Extraceltular potentials at the Nodes of Ranvier are denoted 
by Y, and intraceilular potentials by Y;:which are both discrete function of the specific 
Node of Ranvier at which the potential is specified. 
Kirchhoff s current Iaw can be invoked at the intracellular nodes to write a 
dinerential equation for the equivalent circuit model as shown in (2.1) where Y, = Yi - Y, 
- Y. is the transrnembrane potentiai. 
In the dinerential equations, Geand G, are the conductances or the inverse of the 
resistors R,and R, respectively shown in Figures 2.1 and 2.2. It should also be noted that 
the tems representing the extracdular potentiais and the excitation sources in equations 
(2.1) and (2.2) are functions of both the position of the diffierent Nodes of Ranvier, as 
indexed through the parameter n, and time represented by the variable t. 
Frorn a theoreticai perspective, it can be shown that the potentials applied to the 
outside of the fiber are equivalent to a set of current sources applied intracellularly if these 
current sources are dehed in a specifk way in terms of the extracellular potentials. The 
equivalent circuit with intraceliularly injected current sources is show in Figure 2.2. 
Figure 2.2 IntraœUularly injected current cquivalent circuit model of a myelinated 
axon, The quivalent circuit model of Figure 2.1 and Figure 2.2 are electrically 
equivalent provided that the cwrent sources in Figure 2.2 are specifidy chosen. 
Circuit parameters R,, C, and R, are defined the same way as in Figure 2.1. The 
intraœliuiarly injected current sources labeled If take the specinc Node of Ranvier 
number as an argument. The variables 6 and Y,are as outlined in Figure2.1. 
The diEerentia1 equation for the intracdularly injected current equivalent circuit 
model is shown in (2.2). 
In order for the two models to be equivalent, the intracellularly injected current 
sources li(~,i)must be chosen such that they are equivalent to the nght hand term of 
equation (2.1) as per (2.3). 
I,(n,t)= 4 { JQn - 1 , t ) - 2 y (n , t )  + y ( n +1,t)) (2-3) 
The intraceilularly injected cunent equivalent circuit model is used in the literature 
for nerve excitation simulations [41]. There are Likely several reasons for this. From a 
circuit simulation perspective, the intracellular current injection circuit model lends itself 
more readily to conventional techniques for establishing the circuit equations. 
I t  is a relatively s t r a i g h t h a r d  task to compute the values of the equivalent 
circuit components Cm,R and & since they are based on the electrical properties of the 
axon membrane and the cytoplasm as well as the idealized geometry that has been 
assumed for the nerve axon. The capacitance per unit area of a ceII membrane cmis an 
important quantity in electrophysiological studies of ceus and is ofien quoted in textbooks 
and the fiterature 03,431. The distributed parameter capacitance that represents the 
capacitance of the cell membrane exposed to the extracellular medium can be calculated 
using the capacitance per unit area of the ce11 membrane rnultiplied by the surface area of 
the cylindrical portion of the membrane at the Node of Ranvier as per (2.4). 
cm= ~ ~ 2 n d  (2-4) 
The radius of the axon membrane is represented by the variable a and the length of 
the Node of Ranvier by 1. In a similar manner, an equation can be written for the 
resistance associated with the membrane that is exposed to the extracellular environment 
at the Nodes of Ranvier R,. In order to obtain the distributed membrane resistance value, 
the conductance per unit area g, is used multiplied by the surfiice area of the cylindncal 
portion of the membrane exposed at the Node of Ranvier as per (2.5). 
Calculation of the value for the distributed axial resistance &, requues that the 
resistivity of the cytoplasm p. be known. The well known relationship between the 
resistance of a conductor, its resistivity, cross sectional area and length can then be 
invoked in the context of the ideai id  cyhdrical geometry that has been assumed for the 
interior of the axon. The following formula for R can then be dehed where L is the 
length fiom center to center between adjacent nodes of Ranvier. 
-
There are more complex models avdable for representing the electrical behavior 
of a nerve fiber. Usuaüy these models inwrporate the non-linear conductance associated 
with the membrane. A study by Teicher and McNeal concluded that the response of both 
the linear nerve fiber models and the non-linear models to a pulse of 1000 ps duration 
predicted the same current thresholds to within 1% for any electroddnode distance 
between 0.5 mm and 20.0 mm [48]. The differences in predicted threshold current 
increased as the cument pulse width decreased but were within 3% for pulse widths equal 
to 100 ~.LSat a 2.0 mm distance and 11% for pulse widths of 10 ps at 2.0 mm. Since the 
difference is dependent on the duration of the stimulus pulse as well as the horizontal and 
vertical distance fiom the stirnulating eIectrode and the electrode configuration, these 
results can only give a rough estimate of the threshold difference to be expected in a multi-
fiber simulation. Although this study was reported in the late seventies, the authors 
emphasized that simulation of the more realistic non-linear model resulted in a twenty fold 
increase in the required computation time. The increase in computation time associated 
with the non-linear model would be prohibitive when perforrning excitation simulations on 
aU but a very few fibers. Teicher and McNeal went on to state tliat for pulses that are of 
routinely used duration, such as 100 ps, the linear model provided a sufhciently close 
prediction of the required current to  recruit the nexve fiber. 
2.2 Nerve Fiber Diameter and its Im~a c ton Electrical Recruitment 
As can be sean fiom (2.5) and (2.6), axons that have larger diameters wiii have a 
lower membrane resistance at the Nodes of Ranvier R,,,as weU as a smaller axial resistance 
to  current flow &. It has been noted by severd investigators that, based on qualitative 
considerations alone, larger diameter nerve fibers are more readily excited than smaller 
ones [2,49]. There have been some well documented theoretical simulations where the 
current required to excite a nexve fiber has been calculated f?om an equivaient circuit 
model of the nesve fiber and a simplified homogeneous, isotropic and infinite tissue 
environment assumption. These studies have corroborated the qualitative hypothesis 1411. 
In addition to it being easier to drive current into a larger fiber, larger diameter axons 
would also catch more of the current flux in the tissue environment by Wtue of their 
physically bigger size than smder fibers. 
Although the eEect of fiber diameter on nerve excitability is clear from a 
theoretical perspective, the situation is not as straightforward when the expexhental 
literature is reviewed. Some investigators have reported seeing smailer motor units 
recruited first at relatively low levels of stimulus current amphdes 1501. Since it is 
reasonable to assume that larger diameter motor nerve fibers would be associated with 
larger motor units, these results appear to be inconsistent with theory. These investigators 
blame the discrepancy on geometric factors such as the location of the nerve fiber in the 
nerve tmnk relative to the stimulus electrode position. They also state that the 
discrepancy is udiiely associated with biophysical factors of the nerve fiber itself. It is 
however worth noting that some authors have observed that larger motor units are 
recruited first [5 11. If a randomly generated population of nerve fiber diameters consistent 
with anatomically observed distributions is plotted in terms of its minimum current 
required to elicit recmitment, it is evident that most fibers are recruited at an extremely 
smail fiaction of the excitation required to elicit maximal recmitment as per the 
development illustrateci in section 2.2.1. This dumping of the majority of the fiber 
diarneter population at relatively low stimulus current intensities means that the excitation 
current difference required to recmit fiber diameters of different sizes, for the most pa* is 
extremely small. Given this consideration, it is not surprising that somewhat smder as 
well as larger motor units might be observed at low stimulus current amplitudes since even 
minute variations in position might be sufficient to  alter the minimum stimulus current 
intensity required to recniit individual fibers. 
2.2.1 Nerve Fiber Diameter Distributions 
One of the most often quoted reference for anatomical distributions of nerve fiber 
diameters is the work of Boyd and Davey [52]. This work is definitive because not only 
are experimental measurements of nerve fiber diameter distributions for different types of 
encrent and affierent peripheral nerves presented, but suggested theoreticai distributions of 
these nerve fibers with some parameters are also given. 
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Figure 2.3 Efferent peripheral nerve f i k r  diameter histogramfYom simulated data. The 
histogram is drawn h m  the data plotted for 5000 randomly generated fibers consistent 
with efferent peripheral nerve distributions presented by Boyd and Davey 1521. Data is 
plotted as a percentage of the totai number of fibers. 
Figure 2.3 is a graph of 5000 randomly generated efferent peripherai nerve fiber 
diameters that are consistent with the distribution observed by Boyd and Davey for 
efferent penpheral nerves. It should be pointed out that the fiber diameter, as defineci by 
Boyd and Davey, refers to the outer diameter of the axon including the myelin sheath. 
The histogram from Figure 2.3 represents simulated data. A technique for 
simulating random distributions was applied to generate an anatomicaiiy consistent 
distribution of penpheral nerve fiber diameters [53]. This technique is based on the 
availability of a uniforml y distribut ed random number generator between zero and unity. 
Since most mathematical software packages corne with a uniformiy distributed random 
number generator finction or algorithm built in, the technique is relatively straightfoxward 
to implement. 
The first step in applying this technique is to establish an approxirnate probability 
density fùnction for the distribution. Boyd and Davey daim that the distributions of the 
individual grouping of fibers associated with efferent penpheral nerves, hereafter referred 
to as 4 Y/ and y, motor nerves, are approximately Gaussian with the exception of the 
smallest group that has a slightiy skewed Gaussian distribution. 
For the purpose of the simulation, al1 three modes of the efferent fiber distribution 
have been modeled as Gaussian with the means and standard deviations outlined in Table 
2.1. A mathematical expression can then be written for the assumed probabiiity density 
fùnction of efferent penpheral nerve fiber diameters. The equation consists of a 
surnrnation of three diserent Gaussian functions that represent the individuai groupings of 
39 
fibers in the distribution. This categorization of fibers is long established in neurology and 
is  based on size and fùnction. 
a Yr 'YS 
Y 0.55 0.3O o. 15 
m m )  1.7 0.8 0.6 
P(Pm) 13.0 6.50 3.50 
Table 2.1 Parameters for the Herent fiber diameter distribution Uusttated in Figure 
2.3. The fiber groupings are aIso as per Figure 2.3 and the parameters correspond to 
those found in equation (2.7). 
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Figure 2.4 Graph of the assumed probability density fimction of efferent peripheral 
nerve fiber diameters. The parametersh m  Table 2.1 have been used. 
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Figure 2.5. Graph of the cumuiative distribution function of efferent peripherai nerve 
fiber diameters. The plot is caiculated h m  the assumed cquation for the probability 
density function (2.7) and uses the parameters of Table 2.1. 
Figure 2.4is a plot of the probability density fùnction of (2.7) with the parameters 
of Table 2.1. 
Once the assumed fiber diameter probability density fùnction has been established, 
the cumulative distribution fùnction must be calculateci by integrating the probability 
density fiinction as per (2.8). 
In general, a solution to (2.8) can be obtained numerically or in closed form 
assurning that the pdf is simple enough to integrate or that a closed f o m  solution exists. 
In the case of the efferent penpheral nerve pdf proposed in (2.7),the presence of  the 
Gaussian ninctions preclude a closed f om  solution to the integral of (2.8). Figure 2.5 is 
the cumulative distribution firnction (cd0 f?om the pdf of (2.7). Once the cdf has been 
obtained numerically or  in closed form, the transformation of (2.9) can be appiied to a 
sequence of  the unifonmiy distributed random variable denoted by u. 
x = y'(24) (2.9) 
The sequence of the random variable x generated by way of the transformation of 
(2.9) will have a distribution consistent with the assumed probability density fùnction of 
(2.7). A few words about the transformation procedure should be mentioned. As was the 
case with obtaining the cumulative distribution fùnction, the inverse P;' of the cumulative 
distribution function can be obtained either in closed form or the sequence x c m  be 
calculated numerically. The advantage to the closed f o m  approach is that the sequence of 
uniformiy distributed random numbers can be substituted directly into the expression for 
the inverse to obtain the desired output sequence. Unfominately, in this case, a closed 
form expression for the inverse is not obtainable. 
This is the procedure that was used in obtaining the histogram of the distribution 
of efferent peripheral nerve fiber diameters shown in Figure 2.3. The technique descnbed 
previously is general enough to be usefbl in a wide variety of applications [53]. 
The random variable associated with the nerve fiber diameter can be transfomeci 
in accordance with the graph of the minimum stimulus current amplitude required to excite 
the fiber versus the fiber diameter as shown in Figure 2.6. When this random variable 
transformation is completed, the sequence of randomly generated nerve fiber sizes can be 
. .
represented in a histogram that shows the number of fibers recruited versus a nununum 
stimulus current amplitude. 
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Figure 2.6 Plot ofthe minimum stimuluscurrent amplitude required to excite versus the 
nerve fiber diameter. in this graph, the vertical distance, or depth, fkom the monopolar 
stimulus dectrode is taken as a parameter. The solid circles represents the 10 mm depth 
case and the unfilied circies represent the Srnm depth case. The parameters associated 
with the electrical properties of the nerve fibers are identical to those presented in 
Chapter 4 of this thesis. The potential profile in the assume& homogeneous and 
isotropie tissue medium is calculated using the relationship of (3.7) with an assumed 
tissue resistivity of 4.575 Rm. A 25 mV threshold potential is assumeci. 
Figure 2.7 is a histograrn that shows the number of newe fibers that are recniited 
versus a given stimulus current. The data for this histograrn was obtained by transfomiing 
the sequence of numbers in the fiber diarneter distribution of Figure 2.3. A random 
variable transformation was performed numerically in accordance with the 10 mm depth 
minimum stimuius current amplitude required to excite versus fiber diameter curve of 
Figure 2.6. Due to the nature of the minimum stimulus current amplitude required to 
excite versus fiber diameter curves, all but the smdest nerve fibers will be excited at 
relatively low stimulus current amplitudes. 
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Figure 2.7 Histogram of the number of nerve fibers versus the minimum stimulus 
curent rquired to reach excitation. The data for this histogram was taken h m  the 
efferent f i k r  diarneter data used to plot the histogram of Figure 2.3. A random variable 
Wonna t i on  was applied numerically in accordance with the 10 mm depth c w e  of 
Figure 2.6. 
For the histogram shown in Figure 2.7, a stimulation current amplitude that is 10% 
of the minimum current required to  excite the smaiiest 1 micron diameter nerve fiber will 
be sufficient to  excite 94.6% of the population of fibers. This analysis assumed that the 
population is at a depth of 10 mm in the homogeneous isotropie tissue environment. 
Figure 2.8 demonstrates that the histograrn of fibers versus minimum stimulus current 
amplitude required to  recruit is even more compressed at Iow current levels for a smaller 
depth of 5 mm. 
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Figure 2.8 Hïstogram of the number of nerve fibers versus the minimum stimulus 
current required to mach excitation The data for this histo- was taken h m  the 
efferent fiber diameter data used to plot the histogram of Figure 2.3. A randorn variable 
transformation was appiied numencally in accordance with the 5 mm depth curve of 
Figure 2.6. 
2.3 The Eauivalent Circuit Model of Skeletal Muscle Tissue 
One of the principal reasons that an electrical equivalent circuit model for skeletal 
muscle tissue was developed and presented in the literahire by Gielen and colleagues, was 
the desire to  compare the theoretically predicted electrical conductivity calculated fkom 
the model with conductivity measurements made in the laboratory. There are two 
complications associated with the nature of skeletal muscle tissue that must be discussed 
before a model of the tissue conductivity can be developed. First, skeletal muscle tissue is 
electricaiiy anisotropic. This anisotropic nature of skeletal muscle tissue can be measured 
in the laboratory as per the procedures outiiied in Appendix B. The conductivity 
measured in the directions transverse and parailel to the long axis of the cyiindrical fibers 
diners by approximately a factor of 3 [9]. Previous investigators have approached the 
problem of modeling the anisotropy by developing two separate equivalent circuits for the 
paralle1 and the transverse directions. 
2.3.1 Effective Conductivitv 
In addition ta the complication of anisotropy, inhomogeneity is another 
characteristic of skeletal muscle tissue. Since skeletal muscle tissue is not a hornogeneous 
material, in that it consists of. at a simplified level of separation, the ceil membrane and the 
cytoplasm, the standard definition of conductivity for a homogeneous materid as defineci 
in (2.IO), where Z is the impedance, cannot be applied [54]. 
Figure 2.9 illustrates the geometric parameters associated with equations (2.10) 
and (2.11)where L. is the length of the medium and S, is the surface area in the direction 
perpendicular to current flow. 
Figure 2.9 Idealized representation of effective aindudvity measurement of an 
inhomogeneous material. The drawing iiiustrates the current flow 1, that is 
perpendicular to the surface S, A ptential of Vevolts is measured between the two 
boundaries. The section of material has a length L,. 
The effective conductivity ugfor an inhomogeneous medium is defined in t ems  of 
the potential difFerence on the two opposite boundaries of the medium and the current 
flowperpendicular to the boundaries. The surface area of the boundaries and the iength of 
the medium are also parameters. Effective conductivity is defined as in (2.11). No 
information about the current distribution or the potential field between the two 
measurement boundaries of the medium is irnplied by the effective conductivity. 
Figure 2.10 Idealized hexagonal geometry of a muscle fiber. Various lengths and 
angles are shown on thediagram that relate to the formulas developed in the text. 
Since the highiy simplifieci equivalent circuit model used for simulating the 
wnductivity parallel to the long axis of the skeletal muscle fiber is similar to  the nerve 
axon equivalent circuit developed earlier, this mode1 will be discussed first. Although the 
models are similar, it should be emphasized that the intemal organization of muscle fiber is 
very different fiom nerve axons. The model is simplifieci to resemble nerve fibers with 
only a cyîoplasmic interior. Nicholson [25] and Gielen's [26] approach to  defining an 
idealized geometry for the skeletal muscle fiber was to assume that the fiber was 
hexagonal in shape. The procedures involved in calculating the equivalent circuit model 
parameters is somewhat more complicated under the assumption of a hexagonal geometry. 
Figure 2.10 is a drawing of the cross section of a muscle fiber that illustrates the geometric 
variables of interest. A section of the membrane for one side of the hexagonal fiber is also 
shown Uustrating the third dimension. Figure 2.11 illustrates the parallel equivalent 
circuit model of the muscle fiber and its relationship to the idealized hexagonal geometry 
of the fiber that has been assurned. 
In Figure 2.11, the distributeci parameter resistance REprepresents the resistance of 
the extracellular material to current Bow in the diuection parallel to the muscle fiber long 
axis. The resistance RMpand Cm represent the resistance and capacitance respectively of 
a section of ceIl membrane. 
The extraceIlular resistance parameter Rppcan be obtained fkom the weli known 
relationship between the resistance of a homogeneous conductor, its resistivity p ~ ,surface 
area SEPand length q as per (2.12). 
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Figure 2.11 Parallel skeletal musde tissue conductivity quivalent circuit model. The 
diagram illustrates the relationship between the equivalent circuit and the idealized 
hexagonal muscle fiber. In the diagram REprepresents the IongituW resistance of the 
extracellular material, Rm and CMp fepresent the resistance and capacitance 
respectively of a section of membrane and RCp repreSents the longitudinal resistance of 
thecytoplasrn. The geometric parameters are shown on the muscle fiber diagram. 
The only challenge in calculating this quantity, is developing an expression for the 
surface ara of the extracellular material SEP.Empirical measurements of the resistivity p~ 
can be obtained fiom the literature. An expression for the interior cross sectional surface 
area of the muscle fiber SFPcan be obtained by dividing the interior hexagonal region into 
six equal sections and then applying trigonometry to obtain values for x and y. A simple 
relationship for the uea of a triangle can be applied and multiplied by six to obtain the 
overall cross sectional interior surface area of the hexagon as per (2.13). 
SEP = 3xy (2.1 3) 
If the ratio of the fiber interior volume to the total volume of the fiber includig the 
hexagonal section of surroundhg extraceilular material is specified as p, then the surface 
area of the extracellular matenal can be obtained from (2.14). It is important to note that 
inherent to this assumption is that the cross sectionai surface area of the muscle fiber ceii 
membrane is negligible compared to the dimensions of the interior and extraceiiular 
surface areas. This is in fact a good approximation since the width of the muscle fiber 
membrane is on the order of 10 angstroms p9]. 
Calculation of the membrane longitudinal cytoplasmic resistance c m  be done in a 
s i d a  fahion by invoking (2.12) and using the value for the cytoplasm resistivity pc, the 
cross sectional surface area of the muscle fiber interiorSW and the length of the segment q 
as per (2.15). 
The membrane resistance and capacitance is an empirically measured quantity that 
is typically quoted as a per unit area value. In order to obtain the distributed parameter 
values for Rw and CMP,it is necessary to multiply the per unit area values by the surface 
area of the assumed geometrical shape of the muscle fiber PFpwhich can be calculateci as 
per (2.16). 
Once the surface area has been calculated, the formula for R w  and Cm are 
As mentioned previously, a dif5erent equivalent circuit model must be used to 
describe the conductivity in the transverse direction to the muscle fibers. The mode1 
proposed by Gielen and his colleagues (261is based on a region taken fiom a cross section 
of muscfe fibers that is perpendicu1a.r to the long axis of the fibers. The equivaient circuit 
model and its relation to the geometry of the cross section of muscle fibers is illustrated in 
Figure 2.12. 
The extracellular resistance RETc m be calculated by determining the resistance of 
the homogeneous block of extracellular matenai circumscnbed by the rectangle ABDC in 
Figure 2.12. Since the entire surface AA' is assumed to be at an equipotential as is the 
surface II', the current fIow is perpendicular to these two surfaces. The following formula 
can be applied to calculating the resistance RET. 
Values for the membrane resistance and capacitance, R n  and Cm respectively, 
can also be obtained by multiplying the top surface area of the rectangle ABDC with the 
membrane conductanceand capacitance per unit area as per (2.20) and (2.21). 
Figure 2.12 Transverse skeletaI muscle tissue conductivity equivalent circuit model. 
The model by Gielen and colieagues [26] is based on the cmss section through a group 
of fibers that isperpendicuiarto the fiber long axis. An illustration of a gmup of muscle 
fibers is presented with a box outlining the region on which the quivalent circuit rnodel 
is based. Below is an expandeci view of the region showing the dimensions of the 
important geometric parameters with an overiay of the equivalent circuit model. In the 
circuit Rw and Cm represent the resisbnce and the capacitance through the muscle 
fiber membrane. The rcsistanceRm is aSSOciated with the path that the current can take 
through the extracellularmaterial. 
Once the impedance, as a ntnction of fiequency, is sirnulated using SPICE for the 
transverse and the parallel conductivity circuits presented in Figures 2.12 and 2.11, the 
effective conductivity formula of (2.1 1) must be applied to obtain the frequency dependent 
conductivity curves. 
Figure 2.13 and 2.14 represent the fkquency dependent complex conductivity 
magnitude and phase simulated from the circuits of Figures 2.11 and 2.12 using SPICE. 
The electrical and geometric panuneters used in calculating the circuit components for the 
simulations shown in Figures 2.13 and 2.14 are given in Table 2.2. As a basis of 
cornparison, the theoretical ciosed form expressions developed by Gielen et al. 1261 have 
also been plotted. 
For the longitudinal direction parailel to the long cylindricai axis of the skeletal 
muscle fibers, there is a close match between the modiied equivalent circuit mode1 of 
Figure 2.11 and the conductivity predicted by Gielen's expression (2.22) with the 
parameter A as defined in (2.23). In equations (2.22) and (2.23) the variables a j is the 
longitudinal effkctive conductivity, p is the ratio of the muscle fiber interior volume to the 
total volume, y is the longitudinal distance, a and o,are the intracellular and extracellular 
wnductivities respective% g, and cmare the per unit area membrane conductance and 
capacitance respectively, a is the cross sectional interior fiber radius and Sr is the muscle 
fiber total cross sectional area. The difFerence between the SPICE circuit mode1 
wnductivity and the conductivity predicted by Gielen's fomula is due to the fact that in 
the derivation of (2.22) there is an infinite distance assumed between the source and sink 
current electrodes. There is no such assumption inherent in the equivalent circuit model of 
Figure 2.11. 
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Figure 2.13 Semi-Iogarithmic graph of the magnitude of the frequency dependent 
complex transverse and longitudinal skeletal muscle tissue conductîvity as simulated 
with the quivalent cùcuit models of Figures 2.11 and 2.12. Two additional curves are 
included that have been calculateci h m  the closed form expressions developed by 
Gielen and colleagues (261. -- Gielen's longitudinai direction analyticai formula -
Equation (2.22). --Longitudbi direction equivalent circuit simutation - Figure 2.11. 
*** - Transverse quivalent Circuit Simulation - Figure 2.12. - - - Gielen's 
transverse direction analfical formula - Equation (2.24). The quivalent circuit 
parameters for the parailel model are&=5.8xl0' f2, RCp =3.1x104ll,~ ~ 1 . 0 ~ 1 0 'Cl 

and ~ , 7 . 5 ~ 1 0 * ' ~ 
F. The quimient circuit parameters for the transverse model are 
~ d . 3 ~ 1 0 ~QR&.OXIO~ R and ~ ~ 1 . 3 ~ 1 0 ~F. 

Table 2.2 Electrical and geometric parameters used in calcuiating the equivalent circuit 
cornponents of the cornplex paralle1 and transverse amductivity equivalent circuit 
models for the simulations shown in Figures 2.13 and 2.14. For the p d e l  circuit, 24 
100 psegments were used. 
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Figure 2.14 The above semi-logarithmic graph shows the phase of the fr-equency 
dependent compIex transverse and Iongitudinal skeletal muscle tissue conductivity as 
simulated with the equivalent circuit models of Figures 2.11 and 2.12. Two additional 
curves are inciuded that have been calculated fmm the closed form expressions 
developed by Gielen and colleagues [26]. -- Gielen's 1ongihidina.I direction analytical 
formula - Equation (2.22). -- Longitudinal direction equivalent circuit simulation -
Figure 2.1 1. *a* - Transverse ~uiva len t  C i t  Simulation - Figure 2.12. - ** - -
Gielen's transverse direction analyticai formula - Equation (2.24). The quivalent 
circuit parameters for the parallel model are Ra =5.8x104 f2, RQ =3.1x104 Cl, 
R@L.OX~O' R and ~ ~ 7 . 5 x 1 0 - ' ~The quivalent circuit parameters for theF. 

transversemodel are ~ ~ f 4 . 3 ~ 1 0 '  $2and ~  1IO-' F. 3
C!, ~ ~ f 6 . 0 ~ 1 0 ~  ~ . ~ 
In effect, the equivalent circuit of Figure 2.11 represents a distributed parameter 
model similar to the one proposed by Gielen fiorn which he developed the closed form 
expression of (2.22). To determine if the conductivity predicted by the equivalent circuit 
of 2.11 was convergent, simulations were carried out in which the segment Iengths were 
successively halved and the predicted fiequency dependent conductivity curves were 
plotted. It was found that the difEerence between conductivity curves decreased with 
decreasing segment length. 
For the transverse direction, the match between the conductivity phase and 
magnitude predicted by the equivalent circuit mode1 of Figure 2.12 and the expression 
developed by Gielen (2.24) is very close. The fact that the two responses are so similar is 
not surprishg shce  both the equivalent circuit mode1 and (2.24) were obtained fiom the 
same geometry. There is a small discrepancy between the two responses that is 
attributable to an approximation made in developing the closed form expressions 
specifically that the thickness of the extraceilular region is much smaüer than the 
hexagonal radius. 
The advantages of having SPICE compatible equivalent circuit modets that can be 
used to  sirnulate tissue impedance characteristics are signifiant when designing tissue 
stimulation circuitry . By scaling the effective tissue wnductivity with the appropnate 
geometric parameters, an accurate representation of  the inhomogeneous tissue load 
impedance can be incIuded in a combined circuit simulation with the stirnulator 
electronics. 
Chapter 3: 	 Finite Difference Simulations of 
Electrical Tissue Stimulation 
In this chapter the theory behind a finite difYerence simulation of the potentiai 
distribution in skeletal muscle tissue during electrical current stimulation is presented. 
This description includes a discussion as to how the simulation grid is defined for the 
anisotropic conductivity case. It should be noted that in the finite difEerence simulations 
the assumption of isotropy that is commonly used in the Literature has been removed. 
In order to detennine the impact of the isotropy assumption on the potential 
solution, the potential distribution associated with electrical current stimulation in 
anisotropic skeletal muscle tissue is compared to the solution for the isotropic case. The 
resultz demonstrate that there is a significant error associated with the assumption of 
isotropic tissue properties in calculating the potential distribution dong an axon. 
Simulation studies indicate that the isotropy assumption is worst under bipolar electrode 
stimulation as opposed to monopolar stimulation and that the bipolar error incrûases as the 
distance between electrodes decreases. In light of these results, it is concluded that in 
order to  avoid large errors in the calculated potential distribution dong an axon, the 
isotropy assumption should only be used when the transverse depth f?om the electrode to 
the nerve is relatively small. 
3.1 Finite Difference Simulations 
The finite difference technique lends itselfweil to electromagnetic field problems in 
which t here are inherent anisotropies associated with the electricai properties of the 
matenal under investigation. In addition, the technique can be readily applied where there 
are uihomogeneities that would rnake a cIosed form solution impractical [55]. Since the 
problem being solved is finite in size with specific boundary conditions, it is weU suited 
towards implementation on digital cornputers. 
The finite difference simulations undertaken in this study involveci a two 
dimensional resistive grid where it was assumed that the field quantities do not Vary in the 
third dimension. Figure 3.1 iüustrates the ideaiized geometry associated with the 
simulations. The nerve trunk has been simplifieci to a single fascicle with epineuriurn. 
Perineural and endoneurai tissues have been ignored. As weli, the diameter for the fascicle 
is slightly larger than would be encountered in man to allow the calculation of intraneural 
fields using the grid spacing selected. The electrodes are approximated as point current 
sources that lie on the surface of an isotropie subcutaneous tissue Iayer. For the sake of 
simpiicity, the eEect of skin impedance has been ignored because of high resistivity 0 3 .  A 
condition of zero current flow normal to the boundary was instituted for the tissue surface 
with the exception of electrode nodes. These constraints constitute the Neumann 
boundary condition at the tissue surface. Inside the tissue, at relatively large longitudinal 
and transverse distances fiom the electrode, the potential would decay to zero. A zero 
potential Dirichlet boundary condition was therefore applied to the other three simulation 
boundaries. Tmncation of the simulation domain at points where the potential is relatively 
constant is permitteci [55] .  When using the field simulations in conjunction with nerve 
excitation studies, the validity of the finite domain size approximation is reinforcd since 
the spatial distribution of the excitation currents dnving the nerve fiber is proportional to 
the second derivative of the extraceUu1a.r potential dong the length of the fiber [30]. This 
observation can be used as a turther check as to the adequacy of the simufation domain 
sue. 
The formulation of the finite dinerence equations foliow fiom three fundamental 
relationships of electromagnetic theory, specEcally the divergence of the current density, 
the elemental fom of Ohm's Law and the quivalence between the electric field and the 
negative gradient of the scaiar potential: 
v*J =  1, (34 
J = aE  (3-2) 
E = -V@ (3-3) 
In (3.1) (3.2) and (3.3) J represents the current density in Ah?, 1, is the source 
current density in Nm3, o is the conductivity in S/m, # is the potential in volts and E 
represents the electric field in V/m. These expressions can be combined resulting in a 
second order differential equation that relates the Laplacian of the potential to the source 
current: 
Figure 3.l(a) Representationof a section of tissue. This section includes a 0.5 cm layer 
of isotropic subcutaneous tissue. The electrodes are assumeci to lie on the surfàce of the 
subcutaneous tissue layer. An intervening layer of anisotropic tissue exists between the 
subcutaneous tissue Iayer and the nerve trunk. The section is assumeci to p a s  through 
the idealized nerve trunk suucture that consists of a lmm thick isotropic epinewium 
with a 2mrn imer diameter that surrounds a single anisotropic nerve fascicle. The 
depth of the nerve t h h m  the Surfaceofthe subaitaneous tissue layer is 1 cm. 
Figure 3.1.F) The circuit shown above i1Iustrates the finite düZerence simulation mesh 
with Rt and R, representing the longitudinai and transverse resistances taken h m  the 
plane of the simulation domsin for the tissue sample. The grid used in the simulation 
consists of 253x252 nodes with node spacing M. In a 2-Drepresentation, the current 
source becornes a point source as shown scaledby L which is the length of the electrodes 
in the z4rection. A stimulus current amplitude of 100 mA was used in th-
simulation for an electrode length of L = 10 mm. 
The above equation can be written in tems of the discrete voltages defined at the 
points of the simulation dornain grid. In two dimensions, the discrete fonn of (3.4), with 
reference to Figure 3.l(b), can be written as 
In (3.5) a r  and ut represent the longitudinal and transverse conductivities in the 
tissue extemal to the nerve tmnk and within the nerve fascicle. The voltages VO,VI, Y., 
VJand VIrepresent the potentiais associated with a computational ce11 as shown in Figure 
3.2 [56] .  Shce the longitudinal and transverse spacing between the mesh nodes were 
chosen to be equal, the spacing is symbolically represented by Ad. The field quantities in 
the z-direction, as per Figure 3.1, are assumed to be uniform everywhere under the 
electrode in the z dimension. This simulation does not account for fîinging eEects 
associated with the boundaries of the electrode length. These should have a minimal 
impact on nerve excitation studies since it is assumed that the nerve is located under the 
middle of the electrodes in the z-direction. It should be noted that the nght hand side of 
(3.5) is zero everywhere in the computational domain with the exception of the nodes at 
which the source current electrode is attached at (x., y& 
Al1 anisotropic simulations in this study assumed a transverse resistivity of 6.75 
Rm and a longitudinal resistivity of 2.4 Slm for the tissue medium extemal to the nerve 
trunk. These resistivity values were chosen to be consistent with skeletal muscle tissue 
[22]. The resistivity values associated with the nerve fascicle for the transverse and 
longitudinal directions were 12.5 t2m and 2.0 Rm respectively. The epineurium resistivity 
was 10 Rm and the subcutaneous tissue layer resistivity was 25.0 S2m [57]. Electricd 
properties of the nerve trunk were assumed to be the sarne for both the anisotropic and 
isotropic field calculations. Again the transverse designation refers to the resistivity in the 
directions perpendicular to the assumed x-directed longitudinal orientation of the nerve or 
muscle fiber axis. For the isotropic simulations, the external tissue transverse and 
longitudinal resistivity were averaged to give a resistivity of 4.575 h. 
A spacing of A d  = 0.5 mm was chosen for the longitudinal and transverse 
directions as the distance between the mesh node points. When using the finite difference 
field simulations in conjunction with nerve excitation studies, the choice of the mesh 
spacing becomes an issue. Unlike a closed form potential solution where the potential is 
defhed everywhere, the finite diierence solution only defines the potential at the mesh 
nodes. The spacing of Nodes of Ranvier in peripherd nerve fibers is dependent on the size 
of the fiber as typified by the often quoted relationship [33] between the Nodes of Ranvier 
spacing and the fiber diarneter: 
In penpheral motor nerves, the fibers range in diarneter between approxhately Z 
pm and 18 Pm which corresponds to a rpîcing between the Nodes of Ranvier of 100 Pm 
and 1.8 mm respectively 137,521. Since ultimately, the potential at the Nodes of Ranvier 
for different size fibers will have to be interpolated fiom the values calculated at the finite 
diierence mesh points, it is reasonable to choose a value for the mesh spacing that is in 
this range and is a compromise between spatial resolution and the computational effort 
required to represent a relatively large tissue volume by a large number of nodes. 
For a 253 by 252 node simulation domain and a longitudinal and transverse 
spacing of 0.5 mm, the solution of the iinear system of equations generated by (3.5) at the 
mesh nodes is best undertaken using an iterative Gauss Seidel approach. 1t is 
advantageous to accelerate the rate of convergence of the solution by mod@ing the 
iterative technique to incorporate successive over relaxation [551. In this study, a 
relaxation constant of 1.9 was used. Each finite dserence simulation was iterated until 
the change in the potential of each node was less than 100 pV. 
It is advisable, in tems of storage considerations, to take advantage of the sparse 
nature of the admittance matryr. Solution of systerns of equations of the size presented 
here by matrix inversion techniques is not advisable since this approach, in its most basic 
forrn, necessitates storage of the entire admittance matrix in its hii form and precludes 
taking advantage of its inherent sparseness. 
Figure 3.2 Diagram of the computational celi associated with the finite ciifference 
simulations implemented in this study where pt and p, are the longitudinal and 
transverseresistivitiesrespectively, VIthrough V, are the potentials relative to Vo as per 
(3.5) and L is the length along the electrode in the z-direction. 
3.2 Impact of the Skeletal Muscle Tissue Isotroav Assurn~tion 
Motor nerves are routinely stïmulated in electrodiagnostics to determine the 
conduction velocities of individual fibers and populations of fibers, or to estimate the 
number of motor units in a selected muscle [1,58,59]. Both surface [58] and 
intrarnuscular [1,59] electrodes are used to stimulate the nerve fibers as weli as a range of 
stimulus pulse durations. Functional electncal stimulation W S )  also employs a wide 
variety of electrode configurations and stimulation protocols. One of the goals of this 
research was to determine what effect electrode configuration or stimulus waveform has 
on the selective stimulation of populations of nerve fibers with different diameters. To 
gain a theoretical understanding of these effects and guide the design of in vivo 
experiments, simulation studies can be perforrned ushg sufficiently accurate models of 
nerve fiber populations and the surrounding biological tissues. 
The approach that has been adopted by several investigators is to assume that the 
surroundig tissue in the nerve excitation simulations is isotropie, homogeneous and 
infinite or serni-infinite [3 1,32,41,60]. These assumptions lead to a simple closed form 
expression for the potential that can be deriveci fkom the elemental form of Ohm's Law. 
Although in general the relationship in (3.7) can be extended to three dimensions, a 
two dimensional potential profile can be generated where I d  is the magnitude of the 
injected current and p is the tissue resistivity. The variables x and y represent the 
longitudinal and transverse distance fkom the monopolar current electrode that is located 
at x, and y,. lmplicit in the form of (3.7) is that the point current source lies in the same 
plane as the axon. 
The fact that tissue can be anisotropic has been known for some time [61-631. 
Some of the earlier papers that reporteci anisotropic tissue conductivity focused on pulse 
measurements [62]. More recently, investigators have made broad spectrum 
measurements of anisotropic conductivity using swept fiequency sinusoidai excitation 
current sources as weli as current pulse transient techniques 122,231. It has been 
demonstrated that considerable variation exists in the tissue conductivity, as a fùnction of 
excitation frequency [22]. The conductivity anisotropy in tissue such as skeletal muscle 
has been documenteci experimentaiiy and theoretical models have been proposed based on 
a simplifieci structural geometry of the muscle fibers and their electrical properties 1261. 
There have been many volume conduction models presented in the literature that 
have accounted for the anisotropy associated with dif5erent tissue structures. Plonsey 
demonstrated a coordinate transformation technique that is useful for modeling anisotropy 
in idealized volume conductors 1641. Altman went further by investigating nerve fiber 
threshold current requirements in an idealized, idn i te  homogeneous and isotropie volume 
conductor given an anisotropic nerve fascicle [65]. Veltink and his co11eagues used 
anisotropic volume conduction models to study extra-neurd ring and intrafascicular 
electrode recmitrnent characteristics 157.661. Struïjk et al. have also used anisotropic 
volume conduction models to study spinai cord stimulation mechanisms [67]. 
From a computation perspective, there are many options to choose fiom when 
calculating the potential distribution in a volume conductor. In the case of symrnetric 
geometries with idealized inhomogeneous structures, some investigators have opted to 
develop closed form solutions [66]. In situations with more complicated geometries, 
various numencal techniques, such as  the fmite ditference approach, have proved usefiil 
[57,67]. 
The effect of the isotropy assumption was investigated by undertaking finite 
difference simulations of the potentiai profile that results Rom point source surface 
electrode current stimulation in an anisotropic and inhomogeneous tissue environment. 
These simulations can be easily extended to point source intramuscular stimulation. F i t e  
difference simulations have been carried out that explicidy compare an anisotropic and 
isotropic exterior tissue environment outside the nerve trunk using redistic conductivity 
values to a purely isotropic extenor tissue environment, where the pardel and transverse 
conductivities fiom the anisotropic case have been averaged. Finite difference 
simulations of the potential profile for different stimulus electrode configurations and 
geurnetries were carried out and the impact of the isotropy assumption for each of these 
was assessed. 
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Figure 3.3 Relative potential ciifference prohles between the anisotropic and isotropic 
tissue simulations with a monopolar tlearodt configuration. Each curve is the potentiai 
difference at a specific depth (distance in the y-on between the point of interest 
and the surface electrode). Due to symmetry, the graph shows only half of the 
simulation domain. 
The principal goal of this study was to quantitatively compare the difference in 
potential solutions in tissue under the assumptions of anisotropy and isotropy for dserent 
electrode configurations and geometries. Simulations were perfonned for both monopolar 
and bipolar stirnulating electrode configurations and potential fields calculated at different 
depths. The absolute relative errors resulting fiom the assumption of isotropy of the tissue 
extemal to the nerve trunk were calculated using (3.8). In this nomalized difference 
expression, Vr represents the relative difference in potential between the anisotropic and 
isotropic cases as a function of the longitudinal distance £kom the middle of the simulation 
domain represented by x. The variables V. and represent the anisotropic and isotropic 
potentials respectively as functions of x, and the normalizing factor is the maximum 
anisotropic field calculateci for each depth. Figure 3.3 is a plot of V, at different 
transverse tissue depths for a monopolar stimulating electrode configuration. 
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Figure 3.4 Relative poteutid difference profïies betwetn the anisotropic and isotropic 
tissue simulations with a bipolar electrode spacing of 20 mm. The ongin indicates the 
midpoint between the two electrûdes. Each curve is the poteutid Merence at a specific 
depth or increasing distance in the ydirection between the point of interest and the 
d c e  electrodes. Due to symmetry, the graph shows only half of the simulation 
domain. 
In general the anisotropic field is less than the isotropic especidy directly under 
the electrode. The relative difference is minimal for short transverse depths in the tissue 
under the electrode and increases from a maximum of approximately 2% at the electrode 
to a maximum of approximately 42% at a transverse depth of 20 mm. As expected, the 
nonndized difference f d s  off with ùicreasing horizontal distance, because of the rapidly 
decreasing anisotropic and isotropic fields at greater distances f?om the electrode. 
In addition to investigating the error associated with the tissue isotropy assumption 
with monopolar stimulating electrodes, simulations were also undertaken to investigate the 
error associated with other electrode configurations. It should be noted that from O to 4 
mm depth the normalized difference increases slowly reflecting the smaller field differences 
in the isotropic subcutaneous layer. From 5 to 10 mm the differences increase more 
quickly due to the anisotropic muscle layer, while the small decrease from 11 to 14 mm 
reflects the anisotropic nerve tmnk cornmon to both simulations. Bipolar electrode 
stimulation is comrnonly used in clinical nerve conduction or other studies where the axis 
of the electrode dipole is placed parallel to the nerve under test. The sarne amount of 
current is injected through one of the electrodes as is removed through the other. Figure 
3.4 austrates the relative potential difference profiles under the cathode electrode, 
calculateci using (3.8), between the anisotropic and isotropic tissue conductivity cases for 
bipolar stimulation where the electrodes have been positioned 20 mm apart. Once again, 
the anisotropic potentid fields are generally less than for the purely isotropic simulations 
and the minimum relative dserence in potential is seen for smaii transverse depths in the 
tissue. As for the monopolar case, the generai trend of increasing relative potential 
difference is observed with increasing transverse depths from the stimulating electrodes. 
Overaii, the relative error observed in the 20 mm bipolar eiectrode case is worse than in 
the monopolar case for regions that are deeper than the subcutaneous tissue layer (5 mm) 
with a relative potential difference that increases fiom 1% at the electrodes to 76% at a 
depth of 20 mm fiom the surface. As in Figure 3.3, the maximum relative potential 
difference does not increase uniformly with increasing depth and, within the region of the 
nerve fascicle (10 - 14mm), a small decrease in the maximal relative potential ditference is 
ob served. 
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Figure 3.5 Relative potential Merence profiles between the anisotropic and isouopic 
tissue simulations with a bipolar electrode spacing of 10 mm. Each curve is the 
potential ciifference at a specific depth (transverse distance in the yldirection between 
the point of interest and the d c e electrodes). Due to symmetry, the graph shows only 
haif of the simulation domain. 
As the distance between the stimulating electrodes is decreased, there is an 
increase in the relative difference between the anisotropic and isotropic conductivity cases. 
The generai relative difference trends observed for more closely spaced bipolar electrodes 
at 10 mm spacing, shown in Figure 3.5 are similar to those discussed previously for the 20 
mm bipolar electrodes as well as the monopolar case. The more closely spaced electrodes 
exhibit peak relative potential differences fiom less than 1% at the electrodes to 78% at a 
transverse depth of 20 mm fiom the electrodes. 
Tissue Depth (mm) 
Figure 3.6 Maximum relative potential ciifference profiles as a firnction of the 
transverse depth from the Surface o f  the simulated tissue domain for the three electmde 
configurations. 
Figure 3-6 surnrnarizes the trends observed in previous figures. In this figure, the 
maximum difference between the anisotropic and isotropic conductivity cases observed as 
a funaion of the transverse depth in the tissue have been plotted. This graph reinforces 
the fact that for depths greater than the subcutaneous tissue layer, the overd largest 
relative potential dserence between the isotropic and anisotropic cases is observed in the 
bipolar electrode case with the smallest electrode separation. The mono polar case exhibits 
the lowest overd error of the electrode configurations studied. This order is reversed for 
depths within the subcutaneous tissue Iayer. The simulation data suggests that for short 
transverse depths between the point of interest and the electrode, the maximum difference 
between the anisotropic case and the isotropic case is comparable for al1 electrode 
configurations studied. Figure 3.6 also demonstrates the decreasing relative errors fiom 
10 to 14 mm within the region of the nerve trunk. 
3.2.1 Effect of Anisotropv on the Simulated Potential Profiles 
A signifiant potential drop is observed across the relatively highly resistive 
isotropic subcutaneous tissue layer. A relatively smaii maximal relative potential 
dzerence is observed between the anisotropic and the isotropic potential distributions 
within the surface subcutaneous tissue layer. The reason for this phenornenon is that the 
field is similar within these regions for both cases irrespective of electrode geometry. A 
signincant increase in the observed relative potential difference is demonstrated at greater 
depths where the differences between the isotropic and the anisotropic cases have greater 
impact on the field profiles. The simulation results also demonstrate that there is a 
signincant change in calculated relative potential difference between the anisotropic and 
isotropic potential distnbutions for dserent electrode configurations. A monopolar 
electrode configuration exhibits a much smaller relative difference between the isotropic 
and anisotropic cases than a bipolar configuration at depths greater than the thickness of 
the subcutaneous tissue layer. There is a marginal, however not insignificant, increase in 
the relative difference between the anisotropic and the isotropic cases as the bipolar 
electrode dipole separation decreases. 
A significant perturbation in the potential distribution local to  the epineural sheath 
and the nerve fascicle is observed. This perturbation is due to  the diEerences in the 
electrical properties of the epineural sheath and the nerve fascicle relative to the tissue 
extemal to the nerve trunk. The newe fascicle tissue exhibits significant electrical 
anisotropy in the directions longitudinal and transverse to the roughly cylindricd axis of  
the fibers. In the case of the epineural sheath, the conductivity is isotropic and consists of  
loose fatty tissue with a higher conductivity than the subcutaneous tissue layer but still 
signifïcantly lower than the transverse conductivity of the anisotropic tissue extemal to  the 
nerve trunk. The perineurium was not modeled explicitly in these simulations however it 
has been demonstrated that for intrafascicular stimulation, the insulating properties of the 
perineurium are significant in the spatial localization of the stimulus which would result in 
greater Iocalization of recmitment [57]. From the perspective of the relative difference 
calculations, the nerve fiber structure is identical in both the anisotropic and the isotropic 
simulations and consequently a small decrease in the relative potential difference is 
observed for depths associated with the nerve trunk region for al1 electrode configurations. 
From the potential simulation results, it is evident that there is a minimum relative 
potential difEerence associated with making the isotropic approximation for the tissue 
extemal to the nerve tnrnk. Ifan isotropic assumption is made in calculating the resultaat 
potentiai distribution fiom an excitation wrrent electrode, then the relative error in the 
potential is minimal provideci that the transverse depth between the point of interest and 
the electrode is within the depth associated with the subcutaneous tissue layer. As the 
transverse depth between the electrode and the point of interest is increased, the maximum 
relative potential difference associated with the isotropic approximation increases. This 
result is intuitively sati-g when the potential profile for the isotropic case is considered 
in cornparison with the anisotropic case. In the isotropic situation, the impedance seen by 
the injected current is the same in ali directions, however under anisotropic conditions this 
is not the case. Under anisotropic conditions, a greater drop in the potentiai in the 
transverse direction would be expected for the sarne depth as wmpared to the isotropic 
situation. The reason for this phenornenon is that the current is subjected to a much 
higher irnpedance in the anisotropic situation relative to the y-direction. It is not 
surprishg therefore that at greater and greater depths in the tissue, a larger and larger 
relative difference is observed between the isotropic and the anisotropic potential. 
The overall observed relative potential difference is worse for bipolar electrodes 
with short inter-electrode spacing and decreases as the electrode spacing increases for 
depths in excess of the thickness of the subcutaneous tissue layer. The monopolar 
electrode, which may be viewed as a Limiting case of two bipolar electrodes at an infinite 
distance apart, exhibits the le& overall relative potential dserence. As the two bipolar 
electrodes are placed nearer to each other, there is a greater interaction between the fields 
generated from the positive current electrode and the negative current electrode and larger 
discrepancies are observed in the caiculated potential distribution between the two cases. 
It is not unexpected that the field interaction is different under anisotropic conditions 
compareci to isotropic conditions since more of the current flux would be confined to  the 
regions near the surfaceof the tissue in the anisotropic case. 
Chapter 4: The Theoretical Basis of the 
Nerve Fiber Excitation 
Simulations 
In this chapter, the theoretical basis behind the nerve fiber excitation simulations 
are discussed. This explanation includes a description of the relationship between the 
finite difEerence field simulations that were described in the previous chapter and the nerve 
fiber excitation simulations that are discussed in this chapter. The nodal equation 
technique and the superposition technique that were used to solve for the transmembrane 
potential of the nerve fiber are descnbed. A discussion of  the effects of variable electrode 
onentation is undertaken with emphasis on why it is theoretically easier to  excite nerves 
when the electrode dipole is onented pardel to the direction of the nerve as opposed to a 
perpendicular onentation. The chapter concludes with a presentation of the simulation 
results demonstrating the effect on recniitment pattern for a population of nerve fibers 
that are stimulateci with current pulses of variable width. 
4.1 Nerve Fiber Excitation Simulations 
To simulate the recniitment patterns of nerve fibers, the potential distribution in 
the anisotropic tissue due to the stimulus current must first be determined. In previous 
studies, the technique used to calculate the potential distribution in the tissue medium in 
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which the simulated nerve fibers exist assumed a homogeneouq isotropic and infinite 
tissue medium as per (3.7). The potential distribution presented here has been calculated 
using a finite dEerence technique as outlined in the previous chapter. Once the potential 
distribution is known, this information c m be used in conjunction with cable models of the 
nerve fiber to determine whether the fiber has been excited. The cable models used to 
sirnulate the electrical properties of the nerve fiber were discussed in Chapter 2. 
It should be emphasized that there are several assurnptions inherent to this 
simulation approach. The f is t  of these assumptions is that excitation of a nerve fiber has 
no effect on the excitability of other nerve fibers or on the electrical properties of the 
surrounding tissue medium. Based on empirical evidence presented by other investigators, 
this assumption is widely believed to be true 1361. The other assumption is that the nerve 
fiber model is iinear over the range of transmembrane potentials below the threshold 
potential. This assumption is also often used in the literature in conjunction with nerve 
excitation simulations. More realistic non-lùiear simulations result in the added expense of 
a signifiant increase in computation tirne for a relatively marginal gain in acwracy 
[29,47]. 
As was outiined in Chapter 2, a sequence of nerve fiber diameters are randomly 
generated such that the distribution of the nerve fiber diameters is consistent with 
anatornical observations. 
A simplified axon equivalent circuit model composed purely of linear conductances 
described in Chapter 2 and similar to the axon model used by Sweeney et al. [47] was 
used to  model the electrical characteristics of the nerve fibers. The appropnate equivalent 
circuit conductance parameters, based on the fiber size, were calculated for each nerve 
fiber in the population. The relevant electrical parameters are shown in Table 4.1. 
Axoplasm Resistivity 1.1 (am) 

Membrane Conductance 304 (s/m2) 

Membrane Capacitance 0.02 (~/m*) 

Node of Ranvier Width 2.5 (w)

Fiber Diameter (ml 

Axon Diameter (ml 

Fiber Radius (ml 

Axon Radius (m) 

Ratio of Axon to Fiber Radius 0.7 

Nodes of Ranvier Spacing LOOxD (m) 

Equivaient Axopiasm Resistanœ @&)/(na2) (Q) 

Equivaient Membrane Resistance (2n&,al)-' (S2) 

Equivaient Membrane Capacitance(2nc,al) (F) 

Table 4.1 Summary of the parameter values and formulas used to calculate the 
equivaient circuit component values shown in Figure2.2. 
Based upon the size of each individuai fiber, the equivalent circuit components, as 
outhed in Chapter 2, are caiculated according to (2.4), (2.5) and (2.6). Another 
important parameter that is calculated, based on the randornly generated diameter for each 
fiber, is the distance between the successive Nodes of Ranvier which is describecl by (3.6). 
Larger diameter fibers have larger inter-nodal distances. The inter-nodal distance 
parameter is an important link between the potential distribution calcdated using the finite 
difference field simulation and the nerve excitation calculation. An interpolation of the 
potential distribution data at a given depth of the nerve fiber in the simulation domain is 
undertaken dong the length of the nerve fiber circuit mode1 at the positions of the Nodes 
of Ranvier. This interpolateci vector of potentials represents the extracellular potentials 
that are used to calculate the change in the trammembrane potential of the newe fiber at 
each node. Once the transmembrane potential change along the nerve fiber is determined, 
a calculation is performed to ascertain whether the transmembrane potential change at any 
point dong the nerve fiber exceeds the pre-detemtined threshold value of 25 mV. If the 
threshold value is exceeded, the nerve fiber is assumed to have fired. 
4.1.1 Calculation of the Transmembrane Potential 
There are several methods that can be used to solve for the transmembrane 
potentiai along the nerve fiber equivalesît circuit model. The moa straightfoward 
technique is to use nodal equations based on Kirchhoffs Current Law to write a system of 
hear  equations which can then be solved for the nodal voltages. In Chapter 2, two nerve 
fiber equivalent circuit models were presented in Figures 2.1 and 2.2. The intracellularly 
injected current source model of Figure 2.2 is the most convenient to use fiom the 
perspective of establishing the nodal circuit equations as per (4.1) where Y is the nodal 
adrnittance matrix, V, is the vector of the transmembrane potentials and Ii is the vector of 
excitation sources. 
There are several options available to solve for the nodal potentiai vector in (4.1). 
The most straightforward of these options involves an inversion of the adrnittance matrix 
Y. In the software implemented to deterrine the nerve fiber recxuitment methods, an 
iterative Gauss Seidel technique was used with successive over relaxation 1551. The 
relaxation constant selected for these simulations was 1.9 as it offered the most rapid 
O 
convergence. 
In addition to the above mentioned technique, an alternative method for solving for 
the nodal potentials was used to verify the accuracy of the noda1 admittance matrix 
technique specified above. This technique is based on the superposition property that is an 
inherent feature of Iinear circuits 1681. The idea behind the superposition technique is to 
excite the circuit with each source individuaüy with ali the other sources turned off. Once 
the nodal potentials are calculated for each excitation source they are summeci to obtain 
the potentials at the nodes that results fiom the excitation fiom aIi the sources. The 
intraceUularly injected equivalent circuit mode1 was selected for this approach. 
Stated mathematicaiiy, the superposition approach can be wriîten as shown in (4.2) 
where VmF)is the resultant transmembrane potential at node iq Y.@) is the induced 
transmembrane potential at node k per unit of current injected at node n and l@z) is the 
current injected at node n. 
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Figure 4.1 Conceptual drawing of the simdation domain for the nerve 
excitation studies presented in this work. The distances LI, L2,L3,ï.4 and L5 
represent the positions of increasing vertical disiance or depth h m  the 
electrodeat which the randomly generatedgroups of nerve fibers are located. 
For the variable stimulus current pulse width simulations, a tirne dependent 
or transient algorithm had to be irnplemented [69].The procedure for formulating 
the nodal admittance matrbc was essentiaiiy the sarne as used in the steady state 
DC simulations however, in this case, i t  is convenient to formulate the network 
equations by separating the capacitive and conductive components of the 
admittance matrix into two separate matrices as per the foliowing equation. 
in equation (4.3), CAis the capacitive component of the admittance matrix 
which is itself a matrix and GAis the conductive component of the admittance 
matr i .  which is aiso a matriu. The transmembrane potential vector is represented 
by V, and the intraceUularly injected current vector is represented by li. 
In the custom designed software package for the nerve excitation 
simulation, an impiicit Euler technique was used to numencally integrate (4.3) as 
per (4.4) where h is the time step and u represents the time step index. 
Upon substitution and rearrangement usicg (4.3), equation (4.4) can be re-written 
in a more convenient form as shown in (4.5). 
Equation (4.5) is convenient £iom a computation perspective because, 
unless the tirne step changes, the first term can be evaiuated once and used 
repeatedly. In the t h e  domain simulations, V, represents the transmembrane 
potential where u is the tirne step index. When the transmernbrane potential 
change at any point reaches the assumed threshold potential of 25 mV,the axon is 
categorized by the simulation as having been recruited. 
4.2 Impact of the Anisotropv Assumption on Nerve Fiber Recruitment Simulations 
It has been iilustrated in Chapter 3 that there are differences in the calculated 
potential between the isotropic and anisotropic wnductivity cases. The question then 
arises as to whether these differences are signifiant enough to aiter the firing predictions 
made by axon excitation simulations. For each of the simulations presented below, a 
sequence of fi@ nerve fiber diameters were generated in accordance with the technique 
and distribution discussed in Chapter 2. The randornly generated fiber diameters were 
divided into five groups of ten and assigned d ïe ren t  depths in the potential field 
simulation domain. 
Table 2 shows the average recruited fiber diarneter for each electrode 
configuration for anisotropic and isotropic tissue mediums. For the most part, the trends 
observed in the nerve fiber recruitment studies for the different stimulus electrode 
configurations can be qualitatively explained on the basis of the potentials calculated fiom 
the field simulation studies. The activation finction, as described by Rattay 1311, is a 
usefùl tool for qualitatively estirnating relative excitability. However, it does not account 
for aii the phenornenon that wntribute to determining the relative recruitment potential of 
a nerve fiber [70]. Altman and Plonsey demonstrated that for large depths between the 
nerve fiber and the stimulus electrode, the activation fùnction for myelinated fibers is 
independent of  the fiber diameter. The diarneter dependence can be compensated for by 
multiplying by an appropriate scaling factor. However, even the scaled activation finction 
can ody be relied on for a qualitative estimate of the relative recruitment potential of a 
fiber. The fùndamental reason for this is that the activation function is an aiternate 
representation of the extracellular potentid and does not account for potential changes 
internai to the fiber that result from stimulus current flow across the fiber membrane. 
Altman and Plonsey emphasize that the forcing funetion is an integrai component of the 
solution to the differential equation for the spatidy varying transmembrane potentiai. 
However, excitation depends on this spatidy varying transmembrane potential and not 
strictly on the activation function. Other effects such as conductivity, the parameters 
associated with the membrane and the geometry influence the overaii spatially varying 
transmembrane potentid. 
Plots of the relative potential presented earlier dernonstrated that the error 
associated with the isotropic assumption is consistently worst for bipolar electrodes with 
smaller inter-electrode spacing and decreases as the spacing increases. The monopolar 
configuration, which may be viewed as the Lirniting case of a bipolar electrode pair with an 
infinite inter-electrode spacing, exhibits the smaiiest difference. It should be noted that the 
absolute dmerence in the calculated potentials between the anisotropic and isotropic cases 
is largest for the monopolar electrode configuration and srnailest for bipolar electrodes 
with a small inter-electrode spacing. This trend is consistent with differences obselved in 
the average recruited fiber diameter for the dEerent electrode configurations investigated. 
Although the absolute potential dzerences for the examples presented earlier are 
consistent with the average nerve fiber recruitment pattern changes observed between the 
anisotropic and isotropic cases, this trend is not always observed. The reason for these 
discrepancies is that the range of different stimulus currents f?om the electrodes required 
to drive nerve fibers of different sizes to excitation increases with decreasing fiber 
diameter. If a given distribution of nerve fiber diameters is plotted in tems of the stimulus 
current required to reach excitation, the majority of fibers are grouped at relatively low 
stimulus current amplitudes. A relatively large change in the stimulus potential can 
therefore lead to a smaller change in the average recruited fiber diameter than a smaller 
change. 
An investigation of the activation fiinctions associated with the three different 
stimulus electrode configurations at a depth of 11.5 mm demonstrate that the bipolar 
electrode configuration with the largest inter-electrode spacing exhibits the largest 
magnitude activation function. The activation function wociated with the monopolar 
electrode configuration is intemediate in amplitude and the bipolar electrode 
configuration with 10 mm separation has the smallest amplitude activation function. For 
the isotropic case, the above trend is consistent with the recruitment pattern associated 
with the average recmited fiber diameter. The results associated with the anisotropic case 
for the monopolar electrode and the bipolar electrodes with 10 mm separation are 
interchanged from what would be expected based on an examination of the activation 
fiinctions. A possible reason for this inconsistency is that the activation function is largely 
independent of fiber diameter when the depth between the fibers and the stimulus 
electrodes is relatively large [70J.Since the recruitment patterns of a population of nerve 
fibers is being investigated, it is not possible to sale the activation function with a fixed 
nerve fiber diameter to re-introduce the nerve fiber diameter dependence. The effects 
associateci with variable depth of the nerve fibers in these simulations could also be a 
contributhg factor to the discrepancy observed in the anisotropic case. Unlïke many 
simulations presented in the Literature, Our study does not assume that there is a Node of 
Ranvier lying directly under the stimulating electrode [4 1,701. Imposing a fixed position 
for the Nodes of Ranvier, based on stimulus electrode location, for al1 the nerve fibers in 
the simulated population would be unredistic. The potential at a specific Node of Ranvier 
nearest in horizontal distance to the stimulus electrode will therefore not necessarily be  
maximal and may alter the recruitment patterns nom what would be intuitively expected 
based on an examination of the potential and activation function amplitudes. 
Table 4.2 Simuiated data of the firing patterns ofthe same population ofnerve fibers in 
isotropic and anisotropic medium. A total of 50 randomly generated nerve fiber 
diameters were divided &itrariiy into 5 gmups of 10. These groüps were assigned 
increasing depths in the virtual nerve tnuik in0.5mm increments between 11.0mm and 
13.0 mm within the inhomogeneous tissue simulation domain illustrated in Figure 
3.l(a). The stimulus current pulse amplitude used was IO Alm. The isotropic and 
anisotropic table entries show the average recruited fiber diameter for each electrode 
configuration. 
Cathodal bloclcing phenomenon was not considered in these simulations. In the 
bipolar electrode case, modal stimulation would be possible but excitation fiom cathodal 
stimulation would occur at Iower current Ievels before modal stimulation since the 
electrode currents are symrnetric. Implicit in these simulations is the assumption t hat 
currents generated fiom nerve fiber excitation do not appreciably pexturb the stimulating 
field. It should be noted that this assumption has been used by other investigators in nerve 
excitation simulations [66] and is a reasonable approximation [36]. However, some effect 
on the stimulating field associated with the synchronous firing of many fibers, as would 
o a r  during stimulation, has been suggested [71]. 
4.3 The Effect of EIectrode Orientation on Nerve Fiber Recruitment 
4.3.1 Irn~actof EIectrode Distance 
There are three principal factors that contribute to the variations in stimulus 
response that are observed with dinerent electrode dipoIe orientations. The first of these 
factors concerns positioning of the stimulus electrode dipole. DifSerences in electrode 
positioning will result in differences in the distances between the stimulus electrodes and 
the nerve fibers. A finite difference simulation study, show in Figure 4.2, demonstrates 
the differences in the potential distribution observed for dserent distances between 
stimulus source and a specific depth in a homogeneous isotropic and anisotropic skeletal 
muscle tissue medium. Variations in the potential distribution with hcreasing distance 
between the stimulus source and the nerve fibers will result in variations in nerve fiber 
recmitment patterns. The other two factors leading to stimulus response variability are 
less easily understood and are discussed below in detail. 
4.3.2 Impact ofTissue Anisotrow 
Figure 4.2 compares the potential distribution fiom a 1 M m  bipolar current source 
in an isotropic medium and an anisotropic medium. In this example, the anisotropic 
medium conductivity values were chosen to be consistent with the reported values for 
skeletal muscle tissue. The isotropic medium conductivity value was taken as the average 
of the high conductivity and Iow conductivity values used in the anisotropic case. Since 
the current sources that drive the specific nerve fiber towards excitation are dependent 
upon the extraceliular potentials, a dinerent potential in the isotropic situation wiIi lead to  
different recruitment patterns when compared to recruitment in the anisotropic case. 
During routine clinical stimulation of deeper motor nerves, it is unlikely that the stimulus 
electrode dipole wiil be placed exactly parallel or exactly perpendicular to the direction of 
the muscle fibers and the actual conductivity seen by the stimulus current will be a 
combination of the conductivity seen in the parallel and the transverse directions. 
In addition to  the anisotropy associated with a single type of tissue, such as 
skeletal muscle, the presence of dEerent types of tissue under the stimulating electrodes 
can also contribute to  the anisotropy seen by the stimulus current. Stimulation of the 
median nerve at the anterior aspect of the wrist is a good example of an inhomogeneous 
region beneath the electrodes where there are many difTerent types of tissues present 
including nervous tissue, tendons and blood vessels. The electrically inhomogeneous 
nature of these dEerent tissue types, combinecl with the fact that these tissues will also 
likely exhibit anisotropy, compounds the electrode orientation problem. 
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Figure 4.2 Simuiated horizontal potential distribution in an isotropic and an anisotropic 
tissue medium resulting fiom a 1 A/m bipolar current stimulus (10 mm spacing). The 
tissue conductivities used in the anisotropic simulation are a; = 0.148 S/m for the 
direction transverse to the muscle fiber orientation and fi= 0.417 S/m for the direction 
paralle1 to the muscle fibers. In the isotropic simulation, the average value of q and uj 
was used for bath the transverse and paraNe1 directions. 
4-3.3 Impact of Bipolar Electrode Orientation 
From a theoretical perspective, excitation of a cylindrical unmyelinated axon in a 
uniform electric field that is oriented perpendicular to the fiber axis is much more df icu l t  
than when the field is orïented in the direction parallel to the axis. The reason for this 
discrepancy in the ease of recruitment is that the transmembrane potential in the 
perpendicular case is proportional to the electnc field with a constant o f  proportionality 
qua1 to the fiber diameter. In the parallel case, the proportionality constant is equal to  the 
fiber length constant which is typicdly an order of magnitude larger [43,72]. As a 
consequence of the diffierence in scaling constant size, the fiber is recruited much more 
easily with the paralle1 onented field. 
Electrical current stimulation from bipolar electrodes establishes a spatially varying 
profile of extracellular potentials dong the length of a given nerve fiber. As outlined in 
Chapter 2, the values of the distributed current sources that drive the nerve fiber towards 
excitation in the fiber mode1 are directly proportional to the concavity, or the second 
denvative, of the extracellular potentials at the Nodes of Ranvier dong the nerve fiber as 
per (4.6) where Gc is the axoplasm conductance between the Nodes of Ranvier, Xi is the 
source magnitude at the nth Node of Ranvier, V,is the extracellular potentid and n is the 
index for a specific Node of Ranvier. 
In the case where the stirnulating electrodes are oriented paraliel to the length of 
the nerve fibers, as shown in Figure 4.3@), there will be a spatial variation of the 
extracellular potentid at the Nodes of Ranvier dong the length of the nerve fiber. As a 
consequence, the source tems Ii(n) will be non-zero provided that the concavity 
associateci with the spatial variation of the extracellular potentials dong the nerve fiber is 
non-zero. Consider a homogeneous medium where the stimulus electrode dipole is 
oriented perpendicular to the length of the nerve fibers as shown in Figure 4.3(a). In this 
situation, the length of the nerve fibers under the stimulus electrodes will aii be at the sarne 
potential. This fact implies that the source tems Ii(n) under the electrodes will be zero, 
according to (4.6), and that there wiii be no current driving the fiber in this region. The 
above analysis is theoreticai in that fiinging effects at the end of the electrodes are 
neglected and a uniform current density everywhere dong the iength of the electrode is 
assumed. 
Positive Eledrode Negaüve Ekdrode 
Figure 4.3 Idealized drawingof the stimulus electrode dipole perpendicular and parallel 
to the Iength of the nerve trunk. The drawing illustrates, in an idealized fashion, the 
h e s  ofcurrent flux emanatingfkom the electrodes. 
The above two cases represent the extreme situations. In practice, the electrodes 
wiU be oriented at some angle to  the length of the nerve fibers and as a consequence, there 
will be a component of the stimulus current flux that is perpendicular to the fiber length 
and a cornponent that is paraiiel. 
4.4 The Effect ofStimulus Current Pulse Width on Nerve Fiber Recruitment 
The average diarneter of recniited nerve fibers, as a fundon  of stimuius pulse 
width, is plotted in Figure 4.4. Three separate plots are shown on the graph for increasing 
distance between the simulated nerve trunk and the stimulus electrodes. 
Figure 4.4 shows that the average recmited fiber diarneter decreases with 
increasing pulse width. This result is consistent with expectations since Iarger diameter 
nerve fibers are recruited more easily than smaller diarneter fibers. Stimulus strength 
versus stimulus duration curves also demonstrate this effect since a given fiber's stimulus 
threshold decreases with increasing pulse width or energy. Hence smaller, higher 
threshold fibers are increasingly recniited as pulse energy increases. Figure 4.4 also shows 
that the overd  average recruited fiber diameter increased as the depth or the distance 
between the stimulus source and the nerve fibers increased. This result is also consistent 
with expectations, since as the distance between the nerve fibers and the stimulus source 
increases, only somewhat larger lower threshold nerve fibers would be recruited. 
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Figure 4.4 Plot of simulations of average recniited nerve fiber diameter under 
conditions of variable stimulus cumnt pulse width. These simulations were canied out 
in a homogeneousanisotropic skeletai muscle tissue medium with conductivity values as 
outiined in Chapter 3. The stimulus curreat pulse amplitude used was 1 A/m with a 
monopolar stimulus eledmde configurattion. A population of sixty fibers was divided 
into six groups of ten with each p u p  assigned an increasing depth, in 0.5 mm 
increments, in the tissue medium starting at the depth shown in the legend above. 
Figure 4.5 shows the average diameter of recniited nerve fibers, nonnalized to the 
average calculated for a 10 p pulse. This figure dernonstrates the relative effects of 
changing pulse width. As Gan be seen, the relative effects increase with increasing nerve 
tmnk distance from the electrode. This result is consistent with previously reported single 
fiber excitation studies [2]. 
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Figure 4.5 Plot of simulations of average mruited nerve fiber diameter under 
conditions ofvariable stimuius current pulse width. Each m e is normaIized to the 
average remiitedfiber diameter for a 10 ps puise. niese simulations were canied out in 
a bomogeneous anisotropic skeletal muscle tissue medium with mndudidty values as 
outlined in Chapter 3. The s(imulus current pulse ampütude used was 1 A/m with a 
monopolar stimulur electrode configuration. A population of sixîy fibers was divided 
into six p u p s  of ten with cach p u p  assigned an increasing depth, in 0.5 mm 
increments, in the tissue medium starting at the depth shom in the legend above. 
There was also an increase in the absolute range of the recniited fibers as the 
sirnulated pulse width is increased from 10 ps to 1 ms. This result implies that for wider 
stimulus pulse widths, the average recmited fiber diameter decrûases and the overail 
population of recmited fibers increases as weli as more fibers of different sizes are excited 
to threshold. 
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Figure 4.6 Histograms of the recruitment order of nerve fibers in the 2 mm electrode 
fibex group spacing simuiations. As can be seen M mthe histograrns, the distribution or 
recniited nerve fibers remairis the same for pulse widths between 300 ps and 1 ms. 
These simulations were carried out in a homogeneous anisotropic skeietal muscle tissue 
medium with conductivity values as outlined in Chapter 3. The stimulus current puise 
amplitude used was 1 A/m with a monopolar stimulus electrode wnîïguration. A 
popdation of sixty fibers was divided into six groups of ten with each group assigneci an 
increasing depth, in 0.5 mm increments, in the tissuemedium. 
Figure 4.6 ilIustrates the increase in the absulute range of the recruited fibers as the 
stimulus pulse width increases fiom 10 ps to  1 ms. The general trend observed is a 
recruitment of smaller diameter fibers at increasing pulse widths. Due to  the fact that the 
fiber population is distributeci across a range of depths starting at 2 mm, some larger fibers 
at greater depths are recruited as the stimulus current pulse width increases. 
The trends observed in the simulation study are consistent with other studies 
investigating the daetences in stimuIus current requirernents to recruit a fiber under 
conditions of variable stimulus pulse width and distance fiom the excitation source. The 
simulations presented in this paper exhibit a srnall (up to 20%) decrease in the average 
recruited nerve fiber diameter when the stimulus pulse width is changed f?om 10 ps to 
1000ps.As weil, the variations in average recniited nerve fiber diameter are greater when 
the nerve fiber is positioned fardier fiom the stimulus electrodes in the simulated tissue 
domain. 
Although simulation results suggest greater achievable size selectivity at increasing 
distance between the stimulus source and the nerve fibers, a consequence of greater 
distance is the necessity to use larger stimulus amplitudes to recruit more fibers when a 
maximal response is desireci. Larger stimulus current amplitudes have the disadvantage of 
causing greater discornfort to the subjects due to excitation of local sensory fibers. 
Utilizing narrower stimulus current pulse widths alsu has the consequence of requiring 
larger stimulus current amplitudes to recniit the nerve fibers. 
Chapter 5: Stimulus EIectrode Orientation and 
the Stimulus Current Pulse Width 
Experiments 
In this chapter, the experimental techniques used to investigate the effects of 
stimulus current pulse width and stimulus electrode orientation wlll be descnbed. 
Expenmental results will then be discussed in conjunction with the novel simulation results 
presented earlier. The experimental technique used to investigate the eEects of stimulus 
current pulse width on newe fiber recruitment patterns involves a novel application of 
motor unit number estimation. Latency data fiom the individual motor unit action 
potentials were u s e .  to generate an estimate of the efferent motor nerve fiber diarneter 
associated with each specific motor unit. By using this experimental technique to obtain 
an estimate of the recruited nerve fiber diarneter statistics, a quantitative cornparison could 
be made with simulation results presented earlier. An alternative experimental method for 
ascertaining the effects of variable stimulus pulse width is outlined in Appendix C. A 
novel experiment was implemented to hvestigate the effects of electrode orientation on 
nerve fiber recruitment patterns. 
5.1 	 Stimulus Current Pulse Width Experiments 
Motor unit estimation studies of the thenar muscle on the non dominant hand were 
- carried out on five healthy male subjects between the ages of 24 and 53 with no known 
neurological or neuromuscular pathologies. A commercial EMG machine (Advantage 
Medical) using a cornputer automated motor unit number estimation technique aüowed for 
the extraction of 20 individual motor unit action potentials and their latencies nom the 
sub-maximal M-Wave [58]. The machine features a 12bit analog to  digital converter with 
a sampling fiequency of 4 IcHz. Settings of 10 Hz and 1 kEIz were used for the high pass 
and low pass nIters respectively. This technique assumes that canceilations between 
individual action potentials are minimal. In each study, the median nerve was stimulated 
on the mediai side of the upper arm, proximal to the elbow. Independent studies were 
carried out for three different electrode orientations on each subject. 
The stigmatic electrode was made by cutting a 27 x 22mm EKG electrode (Sentry 
Medical Products, M e  California) longitudinally, and mounting the 2 halves end to end 
over the thenar erninence to cross the first metacarpal bone perpendiailarly at the junction 
of its proximal and middle thirds. The reference electrode was haK of anather EKG 
electrode over the proximal phalanx of the thumb. The fïrst stimulus electrode orientation 
was paralle1 to the length of the upper arm, the second was perpendicular and the third 
orientation was taken at 4S0. In aii cases the orientation yielding the maximal M-Wave 
response at the lowest stimulus current was used for the motor unit estimation studies and 
motor nerve fiber latency data presented beIow. 
The motor unit estimation study for each subject was repeated for stimulus current 
pulse widths of 50 ps, 100 ps, 200 ps and 500 ps. For ail but one subject, the available 
aimulus m e n t  range was sufficient to obtain the fùil set of twenty dserent  rnotor unit 
waveforms at d l  the stimulus pulse width settings. In one subject, the built in maximal 
stimulus current amplitude liMt of 100 mA, in the motor unit estimation study, limited the 
number of motor units obtainable for the 50 ps puise width setting to five. Omet latency 
data for each individual motor unit were obtained fiom measurernents of the scaled output 
fiom the EMG machine as illustrateci in Figure 5.1. The straight line distance between the 
stimulus dipole on the upper arm and the recording site on the thenar muscle was recorded 
for each subject. ThisMortnation was used in conjunction with the latency data to obtain 
an estimate of the motor nerve fiber diarneter for each individual unit as per (5.1) where D 
is the fiber diarneter, b is the estirnated straight line distance between the stimulus and the 
recording electrodes and t d  is the latency associated with each individual motor unit. A 
constant ratio of fiber conduction velocity to fiber diameter of k. = s-'5.0~10~was used 
in estimating the motor nerve fiber dimeter of each individual motor unit fiom the 
conduction velocity estimates 1361. 
1,D =-
k t ,  
AU of the subjects studied exhibited a decrease in average diarneter of recruited 
nerve fibers as stimulus current pulse width increased fiom 50 ps to  500 p. Figure 5.2 
shows the normaiized average recruited fiber diameter as a fùnction of pulse width. 
Although Fig. 5.2 shows the expected negative dope, it is not as consistent as for the 
simulation results of Fig. 4.5. As well, the relative change in average fiber diameter is not 
as great, even though the nerve to electrode distance is greater than 3mm. It should 
102 
however be noted that the pulse width range for the experimental study was 50 p s  to 500 
ps but the simulation study encornpasses a pulse width range of 10 ps to 1000 ps. 
Expenmental investigations using narrower pulse widths than SO ps was not possible 
because of equipment limitations. The stimulus current amplitudes that would likely be 
required to recruit nerve fibers at these shorter pulse widths would be prohibitively high 
especially in cases where the nerves were deep. 
Figure5.1 Surface motor unit action potentials mrded fiom the thenar muscle for 50 
puIse width stimulation ofthe median nerve proximal to the elbow. 
AU subjects studied exhibited an increase in the absolute range of maximum versus 
minimum diarneter nerve fibers that were recniited at some point as the stimulus current 
pulse width was increased. The results however do show that this range does not always 
consistently increase as the stimulus current pulse width increases. A maximum dzerence 
between the largest to smallest diameter fibers recruited was observed in the middle range 
of the stimulus current pulse widths for most subjects. Three of the five subjects that we 
studied exhibited an overd increased range of recruited fibers when we compared the 
smdest to largest diarneter fiber recniited at 50 ps and 500 ps stimulus pulse widths. 
Stimulus Current Pulse Width (ps) 
Figure 5.2 Plot of the estimate of the average recruited nerve fiber diameter as a 
function of stimulus current pulse width. These are the averages h m  data taken fkom 
five subjects where each subject's data has been nonnalized to the rnaximum average 
recniited fiber diameter estirnate. The average nerve fiber diameter is estimated from 
data taken h m  motor unit estimation studies conducteci at different stimulus current 
pulse widths. Standard error bars are shown for the motor unit estimation study. 
5.2 Discussion of the Stimulus Current Pulse Width Experiment Results 
The trends observed in the simulation study are consistent with other studies 
investigating the differences in stimulus current requirements to recruit a fiber under 
conditions of variable stimulus pulse width and distance firom the excitation source. The 
simulations presented in Chapter 4 exhibit a srnail (up to 20%) decrease in the average 
recruited nerve fiber diameter when the stimulus pulse width is changed fiom 10 ps to 
1000p.As well, the variations in average recmited nerve fiber diameter are greater when 
the nerve fiber is positioned farther fiom the stimulus electrodes in the sirnulated tissue 
domain. 
The trends observed in the motor unit estimation studies that were petformed on 
several subjects and the least squares estimation study are consistent with the simulation 
results, giving some vaiidity to the simulation approach. These results suggest that the 
nerve fiber, and consequently motor unit size, selectivity that is achievable by varying the 
stimulus current puise width within the commonly used clinical range, is not very 
promising. Only relatively smdl variations in the average recruited nerve fiber diameter of 
approximately 1 pm were observed in the experimental study, when the stimulus pulse 
width was increased fiom 50 ps to 500 ps. This was considerably less than the 20% 
change observed in Figure 4.5 at 3 mm depth in the simulation results, even though the 
median nerve is probably greater than 3 mm away fiom the surface stimulating electrode. 
However, the majority of the variation observed in the simulations occurs in the range of 
10 VS to  100 ps. Since the shortest pulse in the experimental studies was 50 p because of 
machine limitations, the apparent difference between simulation and experimental results is 
not as significant, since we could not ver* the l0ps to 50 ps range. 
Although simulation results suggest greater achievable size selectivity at increasing 
distance between the stimulus source and the nerve fibers, a wnsequence of greater 
distance is the necessity to  use larger stimulus amplitudes to recruit more fibers when a 
maximal response is desired. Larger stimulus current amplitudes have the disadvantage of 
causing greater d i swdo r t  to  the subjects due to excitation of local sensory fibers. 
Utilking narmwer stimulus current pulse widths also has the wnsequence of requiring 
larger stimulus aiment amplitudes to  recruit the nerve fibers. 
The results presented here also provide evidence of the robustness of the 
McComas motor unit number estimation technique performed with surface stimulus pulse 
widths that Vary across the comrnody used clinical range. The results suggest that these 
rnotor unit number estimates are relatively independent of the stimulus current pulse width 
that is used. However, both simulation and experirnental resuks indicate that the range of 
recmited fiber diameters increases with increasing pulse width. The use of pulse widths 
greater than 50 ps could stimulate a more representative sample of motor units. Whether 
this is true or not requires fitrther investigation. 
Although the estimates of nerve fiber diameter based on latency measurements 
from motor unit estimation studies demonstrate relatively smaii variations in the average 
recruited nerve fiber diameter, it may well be that these variations are marginally greater 
than demonstrated by this technique. The reason for this hypothesis is the fact that the 
individual fiber action potentials that sum to fotm the individual motor unit action 
potentials may be expected to exhibit a degree of temporal dispersion because of fiber 
endplate dispersion and different fiber distances to the recording electrode for the same 
motor unit. The overall effect would be a compression or masking of the observed 
temporal latencies in the motor unit estimates. 
The theoretical prediction of the relatively small variation in motor newe fiber 
recmitment patterns coupled with consistent experimental evidence suggests that there is 
little potential for achieving significant motor nerve fiber recruitment selectivity by varying 
the stimulus pulse width over the clinically usefùl range of 50 ps to 500 ps when surface 
stimulation is used. Our results also suggest that for motor unit number estimation with 
surface stimulation, the sample of nerve fibers recruited at one electrode location cannot 
be significantly changed by varying the stimulus current pulse width over the clinically 
used range. However there is some evidence that a wider range of fiber diameters is 
recruited at longer pulse widths. 
Another important issue that must be considered is the reproducibility of the 
estimates obtained fkom individuai subjects. This issue has been partially addressed by 
Gaiea et al.[58]. They reported a 22% overail coefficient of variation, for the normalized 
results fiom the 121muscles studied. 
5.3 Stimulus Electrode Orientation Experiments 
5.3.1 Experimental Protocol 
In order to investigate the effects of electrode orientation on stimulus response, the 
median nerve was stimulated at a site on the media1 side of the left upper arm, proximal to 
the elbow on five healthy male subjects. A series o f  test stimuli were applied at varying 
angles tkom approxirnately forty-five degrees to parallel to the principal axis of  the upper 
am. At the cathode location of maximal response, a template was drawn, as per Figure 
5.3, to facilitate stimulus electrode placement parallel, perpendicular and at forty-five 
degrees t o  the principal axis of the upper ami. In d cases, the separation between the 
electrodes of the dipole was rnaintained at approximately 3.5 cm and the stimulus pulse 
width was rnaintained at 50 p. The limb position and elbow angle were kept constant for 
each subject during the course of the experiment. 
The stigmatic electrode was made by cutting a 27 x 22 mm EKG electrode (Sentry 
Medical Products, Irvine California) longitudinally, and mounting the 2 halves end to end 
over the thenar eminence to cross the £kt metacarpal bone perpendicularly at the junction 
of its proximal and middle thirds. The reference electrode was half of another EKG 
electrode over the proximal phalanx of the thumb. A ground reference electrode was 
placed on the postenor aspect of the hand. Ail expenments were performed with an 
Advantage Medical EMG machine and the conduction velocity test software package. 
The machine specifications and settings used for t his experiment are identical to  the details 
outlined earlier in section 5.1. The data output from the conduction velocity test software 
on the Advantage machine wnsists of a printout that records the stimulus current pulse 
amplitude in milliamps and the maximum amplitude, in millivolts, of the resultant M-Wave. 
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Figure 5.3 Idealized representation of the medial side of the left upper arm showing the 
location of the elbw and the approximate positionhg of the stimuius efectrode 
template. The elecimde dipole oriented at 45O to the principal axis of the upper a m is 
illustrated dong with the perpendicular and parallel electrode dipole orientations. All 
the angles drawn on the electrûde dipole template are relative to the line labeled 
Principal Axis of the Upper Arm that is roughly m e 1  to the long cylinciricaI axis of 
the upper m. 
- - - -  - 
The electrode orientation experiment was conducteci by increasing the stimulus 
current pulse fkom zero amplitude until a consistent minimal detectable response was 
observeci. The stimulus was then increased in approximately 5 mA increments and the 
average maximal M-Wave amplitude for 10 pulses was recorded. This process was 
continued until the increaçe in stimulus current amplitude elicited a relatively smali or 
negligible increase in the maximal M-Wave response amplitude. The leveling offregion of 
the response versus the stimulus current amplitude is referred to as the plateau 
4S0 4S0 O" 0° 90" 90"1 Slope / Shift 1 Slopc 1 Shifi 1 Slope 1 Shifl 
Table 5.1 Electrode orientation experimental data for al1 subjects. 
Stimulus Current (mA) 
Figure 5.4 ïiiustrated caldation of the slope of the M-Wave peak versus stimulus 
intensity cuve with the electrode dipole oriented paraHel to the long axis of the arm for 
Subject # 1. The maximumvalue of 11.4 mV is used in the slope caiculation for ail three 
CUfVes. 
For all the subjects investigated, the results demonstrate a significant difference in 
the observed stimulus response for different electrode orientations. Figure 5.4 illustrates a 
typical maximal M-Wave amplitude response versus stimulus current amplitude curve for 
one of the five subjects studied. The effects of electrode orientation on the stimulus 
response were quantified by considering two variables associated with the sigrnoidal 
stimulus response versus stimulus intensity curves. Figure 5.4 also shows how the curve 
characteristics were quantified. For different electrode orientations, a change in the 
minimum stimulus current required to elicit an M-Wave response was often observed. 
This variable horizontal shift shown in Figure 5.4 was characterized with a shift quantiîy 
that defines the minimum excitation current required to elicit a greater than minimal M-
Wave response. The minimal M-Wave response was the !k t  consistent motor unit action 
potential elicited at a minimum stimulus level. 
In addition to the shift value, variations in the slope of the rising segment of the 
stimulus response versus stimulus intensity cunres for different electrode orientations were 
also observed. In order to specm the rise o f  this slope, the same maximum M-Wave 
amplitude value was used for aü electrode orientation cucvesmeasured for a given subject. 
There were srnail variations in the leveling off potential for high m e n t  stimuli observed 
for different electrode orientations in the tests done on each subject. In these cases, as 
shown in Figure 5.4, the smaliest leveling off potential observed for aU three electrode 
orientations tested was chosen as  the maximum M-Wave amplitude value f ~ r  calculating 
the rise of the slope. The higher leveling off potential for the 90" orientation could 
reasonably be ignored because it probably resulted fiom stimulation of the ulnar nerve at 
high stimulus currents. The ulnar nerve also innervates part of the thenar muscle 
speci£kally the deep head of the flexor poliicis brevis. For some subjects, the leveling off 
potential for al1 electrode orientations could not be reached within the available stimulus 
current amplitude range on the EMG machine. In these situations, the smallest stimulus 
response amplitude potential at maximum stimulus current for al1 three electrode 
orientations was taken as the maximum M-Wave amplitude for calculating the nse of the 
dope. 
The rise of the slope was cakulated by taking the difference between the maximum 
M-Wave amplitude described above and the value of the first acceptable M-Wave 
potential amplitudes that were observed. The run of the slope was calculated by taking 
the difference between the stimulus current amplitude values for these two points. Table 
5.1 presents the results of these calculations for the 5 subjects studied. Each point on the 
stimulus response versus stimulus intensity curves is the result of ten averages taken tiom 
ten independent stimulus pulse measurements. The averaging capabiiity is an inherent 
feature of the nerve conduction velocity test software on the EMG machine. 
5.4 Discussion of Stimulus Electrode Orientation Ex~eriment Results 
Although the non-ideal characteristics of tissue anisotropy and the biophysical 
characteristics associated with the nerve fiber stimulation contribute to the dzerences in 
the M-Wave response observed for diierent electrode orientations, it is difficult, in 
practice, to isolate the effects of each experimentaiiy. As an alternative, we chose to 
stimulate the median nerve at a fixed site on several subjects and observe the gross effects 
of electrode orientation. Both the tissue anisotropy and the biophysical constraints of the 
nerve fibers imposed by their direction relative to the direction of the stimulus electrodes 
are contributing factors to the obsexved results. 
It cannot be said, with any certainty exactly what the orientation of the median 
nerve is at the stimulation site we used for each of the subjects tested. Anatoniical 
illustrations suggest that, at this specific point of stimulation, the median nerve is oriented 
at an angle to the principal axis of the upper arm that is most consistent with the forty-five 
degree stimulus dipole orientation [45]. The electrophysiological evidence is consistent 
with this hypothesis in that we observe the maximal response (maximum dope) when the 
etectrodes are onented at forty-five degrees to the principal axis of the upper arm in most 
subjects. A minimal response is observed when the electrodes are oriented at ninety 
degrees or perpendicular to the principai axis of the upper a m  in all subjects. It should 
however be noted that inhomogeneity and anisotropy of the tissue under the electrodes at 
the stimulus site will also be a wntributing factor to these obsewations. As well, some of 
the inconsistencies in the observations likely result from dïerent nerve-arm axis 
orientations for the dEerent subjects studied. 
The reason for the observed stimulus m e n t  requirement difFerences tu achieve 
the same M-Wave response for different electrode orientations can also be explained on 
the basis of equation (4.6) presented earlier. There is a biophysical requirement, described 
by equation (4.6), that necessitates that there be a spatial variation in the potentiai dong 
the length of the nerve fiber in order that the sources that drive the nerve fiber towards 
excitation be non-zero. In a conceptual situation, where perpendicular stimulation is 
camied out on a neme fiber that is situated in a perfectly electrically homogeneous and 
isotropie environment, the potential distribution will be the same at aii Nodes of Ranvier 
almg the length of the fiber under the electrodes if a uniform curent density fiom the 
electrodes is assumed. The only spatial variation in this situation WU be associated with 
the f ig ing effects of the electric field at the end points of the electrodes. In a practical 
perpendicular stimulation experiment, there will also be electncal inhomogeneities 
associateci with the diierent tissue types located under the electrodes. These electncal 
inhomogeneities will contribute to the spatial variations in the potential dong  the length of 
the nerve fibers and wnsequently the fibers will eventually be recruited although at larger 
stimulus current amplitudes. 
From a theoretical perspective, excitation of an unrnyelinated cylindrical axon in a 
uniform electric field that is oriented perpendicular to the fiber axis is much more difficult 
than when the field is oriented in the direction paraiiel to  the axis. The rûason for this 
discrepancy in the ease of recmitrnent is that the transmembrane potential in the 
perpendicular case is d i redy proportional to the electric field with a constant of 
proportionality equal to  the fiber diameter. In the pardel case, the constant of 
proportionality is equal to  the length constant of the fiber which is typicdy an order of 
magnitude larger [43,72]. As a consequence of the dxerence in scaling constant size, the 
fiber is recniited much more easily with the parailel oriented field. 
The values shown in Table 5.1 demonstrate some variability among the subjects 
tested. However, the combination of the shift values and the slopes for ail of the subjects, 
with the exception of the third, demonstrate a consistent trend. Three of the five 
subject's stimulus response versus stimulus intensity cuwe slopes demonstrate that a 
higher stimulus current amplitude is required to recruit the same amplitude M-Wave as the 
electrode orientation is changed fiom forty-five to zero to a ninety degree orientation. 
The trend observed for the second and third subject is different in that the order of 
recruitment difnculty is interchanged for the forty-five and zero degree electrode dipole 
orientations. Such an observation wouId be consistent with a median nerve orientation 
that is more parallel to the principal axis of the upper arm as opposed to a forty-five 
degree orientation at the stimulation site. 
Gross changes in electrode orientation can result in dBerences in the stimulus 
current requirement for recruiting the sarne amplitude M-Wave. It is unlikely that in 
practice there would exist such large discrepancies in electrode orientation during tests on 
the same subject however, smalier variations in electrode orientation, on the order of five 
to ten degrees, are to be expected. One method to eliminate the standardkationproblerns 
associated with electrode onentation is to develop an automated system for seeking out 
the maximal M-Wave response at a fixeci stimulus current amplitude for a series of 
different electrode dipole orientations at closely spaced intervals. Such a device would 
wnsist of an electrode array, with stimulus dipoles orient4 at five to ten degrees apart, 
that is driven by a current stimulator where the current can be switched between the 
different electrode dipoles under computer wntrol. An analog to digital converter card 
connected to the same computer could then masure the amplitude of the M-Wave for the 
different electrode dipole orientations as it automatically routed the current through the 
various dipoles. A prototype design of this type of instrument is descnbed in Appendk B. 
Chapter 6: 	 Conclusions and ~ecommendations 
for Future Investigation 
6.1 Conclusions 
The principal goal of this thesis was to establish a scientific and quantitative basis 
for describing specific observations during clinical electncal stimulation that to date have 
only been described qualitatively fkom both a theoretical perspective and an empincal one. 
There has been some focus in the relatively recent biomedical fiterature on the effects of 
electrical stimulus waveform variables on the stimuIus response. From a simulation 
perspective, these studies have focused on single fiber stimulus pulse amplitude versus 
stimulus pulse duration simulations that give some insight as to the trends that would be 
observed during electricai stimulation with variable stimulus pulse width and variable 
perpendicular distance between the stimulus electrode and nerve fiber. The simulation 
approach adopted by these investigators does not facilitate a quantitative cornparison 
between predictions made by the mathematical models and experhents that have been 
performed that attempt to demonstrate the e f f ' s  of variable stimulus current pulse width. 
There are two principal reasons for this lack of quantitative comparability. The first 
reason is that the modeling that has been presented to date does not inwrporate 
information about the anatomical distribution of nerve fiber diameters within a nerve 
trunk. Inclusion of this anatomical information in the modeling is essential because the 
electncal properties of the nerve fibers, or more specificaily, the ease with which the fibers 
are recmited is strongly dependent on the individual nerve fiber diameters. -In this thesis, a 
simulation model has been developed that incorporates anatomicaliy consistent nerve fiber 
diameter distributions that are used to randornly generate a realistic population of nerve 
fiber diameters. The simulation procedure determines whether o r  not each individual 
virtual nerve fiber in the simulated population has fired based on dinerent electncal current 
stimulus conditions. Because the simulations include information about the nerve fiber 
diameter distributions, the recruitment patterns that are predicted by the simulations can, 
in a statisticai sense, be compared with ernpirical results £kom a suitably designeci 
experiment to investigate nerve fiber r a i t m e n t  characteristics as a function of stimuIus 
current pulse width. The details of  this approach have been reported in the Literature 1731. 
The above discussion can be surnrnarized with the following conclusive statement. 
Conclusion #l 	 Quantitative cornparisons of values such as the average recniited 
nerve fiber diameter can be made between variable stimulus current 
pulse width simulations and experirnental results when the 
simulation model includes information about the anatomicaiiy 
observed distribution of nerve fiber diameters 1731. 
Of equal importance to the stimulus current pulse width simulation issue is the 
problem of developing an experiment that yields measurements that can be compared with 
the simulation results. The more conventional approaches presented thus far in the 
Literature have been based on measuring the force generated by muscles where the nerve is 
stimulateci with a variable stimulus current pulse width. Unfortunately, these techniques 
do  not lend themselves weU to direct wmparison with the nerve fiber excitation sensitivity 
simulations presented thus far because information conceming the nerve fiber diameter 
distribution is not included in these simulations. Another important rûason t hat these 
expenmental results cannot be quantitatively cornpared with excitation simulations is that 
the association between nerve fiber recmitment patterns and the force of the resultant 
contraction is not easily quantifiable. What is required is an experiment where an 
observable value can be measured and related back to the nerve fiber diameter. The motor 
unit number estimation technique provides a latency value associated with the stimulus 
response of each individual motor unit. Motor unit or M-Wave latency information is 
used in ciinical assessment of patients with suspected neuropathies t o  give motor nerve 
conduction velocities, however latency data f?om motor unit number estimation shidies is 
not typically used for clinical purposes. The experiment proposed in this thesis that uses 
the Iatency data to estirnate recruited motor nerve fiber diameters is a novel approach to 
the empirical evaluation of the effect of stimulus current pulse width variations. If certain 
specific assumptions are made that have been discussed in detail earlier in this thesis, this 
latency value can be used to obtain an estimate of the motor nerve fiber diameter 
associated with that specific motor unit. From a sample population o f  motor unit latency 
data for each stimulus uirrent pulse width, an estimate of the average recruited motor unit 
nerve fiber diameter can be obtained which can then be cornpared with simulation results. 
Conclusion #2 The Iatency value associated with motor unit number estimation 
data, or more specifically the individual motor unit waveforms, can 
be used to estimate the motor nerve fiber diameter. This 
wmparison assumes a Iinear relationship between the nerve fiber 
conduction velocity and the fiber diameter. A population of 
recmited motor nerve fiber diameters can then be used to  evaluate 
recmitment patterns such as average, minimum, and maximum 
recmited nerve fiber diameters and these values can be compared 
with the simulations results discussed earlïer. Our experimental 
results reported in the literature demonstrated, for the parameters 
quoted, a decrease in the normalized estimate of the average 
recruited nerve fiber diarneter of approxirnately ten percent when 
the stimulus current pulse width was varied fiom 50 p s  t o  500 ps 
1731. The three miilimeter depth simulation exhibited a twenty 
percent decrease when the stimulus pulse width was varieci between 
10 ps and 1 ms. 
An important issue relating to nerve fiber recmitment simulations is the realism 
associated with the modeling of the tissue structures that make up the virtual simulation 
domain. Previous investigators have demonstrated that accurate modeling of tissue 
wnductivity properties are essential in volume conduction rnodels. A good example of 
this phenornenon is the necessity of including anisotropic tissue wnductivity properties 
when reconstructing newe cûrnpound action potential wavefomis [36,74]. In this thesis, 
the gross effects on the potential distribution of the conductivity associated with the tissue 
extemal to the nerve trunk have been investigated quantitatively for the fïrst tirne. 
Simulation results based on steady state DC excitation have demonstrated that there is a 
significant difference in the predicted recmitment patterns of nerve fibers when comparing 
the results associated with an anisotropic and an isotropic volume wnduction model. 
Conclusion #3 	 Including anisotropy in modeling the conductivity properties of the 
volume conductor in nerve fiber excitation simulations has a 
signülcant impact on the predicted recruitment patterns. For the 
case of muscle tissue conductivity anisotropy studied, the dBerence 
in the average recruited nerve fiber diameter between the 
anisotropic and isotropic cases can be as great as nearly seven 
percent. 
Along with stimulus current waveform variables such as the stimulus pulse width, 
the geometric orientation of the electrodes can have a dramatic impact on the ease with 
which motor nerve fibers and hence motor units are recruited. Both the direction of the 
tissue conductivity and the target nerve relative to the orientation of the stimulus current 
dipole can be expected to have an impact on the ease of recruitment however newe 
orientation appears to be dominant due to several theoretical factors that have been 
reviewed previously in this thesis. The degree of contribution of each of these factors is 
difficult to assess nom experimental data. From the perspective of standardizing or 
facilitating nerve conduction experiments performed on a patient, the ability to 
consistently orient the stimulus electrode dipole would be of some benefit. The novel 
experiment outlined in this thesis can be used as the basis for the development of an 
automated technique for consistently determining the optimal electrode orientation on a 
patient. 
Conclusion #4 	 Geometric orientation of the electrocies has a significant impact on 
the ease with which motor nerve fibers are recmited. The stimulus 
current amplitude required to elicit an 8 mV amplitude M-Wave for 
a non optimal electrode orientation in one of the subjects studied 
was nearly double that of the stimulus amplitude required for the 
optimal electrode dipole orientation. 
As the stirnuIus current pulse width is increased, there is a relatively smail but 
definitive decrease in the average recruited fiber diameter. Simulation studies predict that 
this effect is more prevalent at longer distances between the stimulus electrode and the 
nerve trunk. Experimental evidence supports the predictions of decreased average 
recruited nerve fiber diameter with increasing stimulus current pulse width. This 
conclusion is based on the evidence associated with an alteration in the distribution of the 
first 20 motor nerve fibers that are recniited with varying stimulus pulse width. 
Conclusion #5 	 There is a small but definite theoretical effect on recruitment 
patterns as pulse width is varied. The study presented eariier 
demonstrates an approximately twenty percent change in the 
average recruited fiber diameter for the range of stimulus pulse 
widths studied and the parameters that were quoted. Experimental 
evidence supports the theoretical predictions of this effect made by 
the simulation shtdies. 
6.2 Recomrnendations for Future Investieation 
As was mentioned earlier, rnuch of the focus in the literature on nerve fiber 
excitation modeiing has gone into refinements of the nerve fiber equivalent circuit models. 
These refinements have included the addition of non-linear effects associated with the 
membrane conductances and proposais of new procedures for reducing the computational 
intensity associated with calculating the change in the trammembrane potential for a given 
stimulus amplitude. While these are important developments that are not to be xninimized, 
it may be said that relatively little effort has gone into refinement of the models associated 
with the intervening tissue and analysis of the effects of sirnplifjbg approximations that 
are routinely made with regards to tissue electricai properties in these models. There is 
room for further work in applying more complex tissue models to nerve excitation 
simulations and further quantitative investigation of the impact of simp-g 
approximations on nerve fiber excitation simulations. 
A more comprehensive mathematical mode1 of the tissue volume conductor could 
be implemented with a three dirnensional simulation. This refinement to  the finite 
dserence approach would remove the assumption inherent in the nerve fiber excitation 
simulations where it is assumed implicitly that the sampled population of nerve fibers al1 lie 
dong  the sarne plane of the two dimensional virtual space. There is some ment to 
developing a three dimensional simulation because geometric nerve fiber recmitmeni in the 
third dimension could then be quantitatively investigated. The principal drawback to  
implementing a t h e  dirnensional simulation is the increase in computational effort 
associated with solving for the potential distribution in the three dimensional volume 
conductor. It should however be pointed out that recent advancements in parallel 
computing architectures and the proposal of network topology reduction procedures for 
biomedical volume conduction problems wiil make the three dimensional field simulation a 
computationdy reasonable alternative in the tiiture [75,76]. Recent implementation in 
MATLAB that facilitate larger than two dimensional matrices go a long way towards 
simpiifying the programrning associated with three dimension4 volume conductor 
modeIing. 
Further enhancements to the electrical equivalent circuit models of the nerve fibers 
presented in this thesis could also be implernented that account for the non-linear 
charactenstics of the membrane conductances. This enhancement would allow for greater 
accuracy when evaluating the excitatory effects of extrernely narrow stimulus current 
pulses as has been discussed earlier in this thesis. There is however a minimal advantage 
to implementing this refinement for the steady state DC stimulus or relatively long 
stimulus pulses that does not warrant the increase in computational effort required when 
considering the gain in the overall accuracy of the solution. 
Although the simulations presented in this thesis incorporated depth dependent 
effects, fùrther simulation studies that directly investigate the geornetnc localization 
effects on nerve fiber recruitment would be beneficial. 
In addition to the expenments tnat were carried out to investigate the eEects of 
variable stimulus current pulse width and stimulus electrode orientation, additional 
experiments could be p e r f o d  to investigate the effécts of variable tissue conductivity. 
As weU, the e E '  of other stimulus protocols, whether different wave shapes or electrode 
configurations, could be further investigated theoretically using the comprehensive mode1 
developed in this thesis. The ability to simulate the expected effms of varying these 
quantities would be beneficial in theoretically predicting the outcorne of experiments 
designed to test the effects of the parameter changes. 
Appendix A: 	 Measurement of Skeletal Muscle 
Tissue Conductivity 
Experimental measurement of tissue conductivity is fùndamental to nerve fiber 
recruitment pattern simulations where the fibers are assumed to lie in a realistic tissue 
medium. In order to  accurately mode1 the tissue electrical properties, knowledge of the 
tissue conductivity values is essential. Tissue conductivity measurement is also essential 
fiom the practical perspective of tissue identification in the newly developing field of tissue 
impedance imaging as weil as the dserentiation between diseased, necrotic and healthy 
tissue [77,78]. 
In t his appendix several different experimentai techniques for measuring tissue 
conductivity t hat have been investigated are disaissed. Before descnbing t hese 
techniques, the theoretical b a i s  behïnd calculating the anisotropic conductivity fiom the 
potential measurements done parallel and transverse to the direction of the skeletal muscle 
fibers is explaineci. It is important to introduce the calculation procedure that is based on 
the universally used four electrode configuration because the calculation is cornrnon to all 
the techniques for tissue conductivity measurement that are subsequently describeci. 
The techniques for measuring tissue conductivity that are discussed include 
traditional swept fiequency techniques that have been reported by several individuals in 
the literature. An alternative to  the swept frequency approach is introduced based on an 
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idea that was proposed in the 1940's that is more commonly associated with circuit 
eequency response measurements. In describing these techniques, the advantages and 
disadvantages will be highiighted in terms of the foilowing cnteria: 
1) Attainable measurement bandwidth 
2) Speed of the measurement 
3) Measurernent apparatus complexity 
In conclusion, the £kequency dependent tissue conductivity measurernents that 
were made using the modified current pulse technique will be presented and discussed. 
A.1 Tissue Conductivitv Calculations and the Four Electrode Technique 
Many of the reported tissue conductivity experiments use a four electrode 
configuration, as shown in Figure A. 1, as the ba i s  of the experiment [79]. In the four 
electrode measurement, a current source drives current I ,  between the two outer 
electrodes while an analog to digital converter comected to  the output of an 
instrumentation amplifier measures the potential difference Y, beîween the two imer 
electrodes. As per the diagram, the electrodes are placed an equal distance m apart fiom 
each other. 
If the tissue specimen has a thickness & that is large compared to  the length of the 
electrode array 3m, the specimen may be considered to be semi-infinite. If the tissue is 
assumed to be both homogeneous and isotropic, the current will leave the electrodes in 
radial paths where the equipotential surfaces are hernispherical. The current density from 
each o f  the electrodes at any point in the tissue can be calculated by dividing the current 
fiom the electrode by the surface area of the hemisphere that intersects the reference point 
as per equations (A1) and (k2). 
Figure A. 1 Idealized representation of tissue conducîivity measurement using the four 
electrode technique. The diagram shows the four needle eiectrodes placed at equal 
distance m from each other. A current source cirives current Ic through the outer two 
needie electrodes while the potential differencc Vcbetween the inner two electrodes is 
measured. 
The current magnitude f?om the two current electrodes is I, and -1. respectively 
and the radial distances fiom the electrodes to the point of interest are r. and r=  
respectively. We can write the potential difference between the potential sensing 
electrodes labeled g and h as the superposition of the potentials. The resultant measured 
potential Vgk can therefore be written as: 
We can then use Vgkto solve for the tissue conductivity, as per equation (A4), 
which is the desired quantity in this case. 
While valid, the above development is only applicable, in its present form, to 
isotropic media. As has been shown in previous chapters, some tissue types such as 
skeletal muscle are non-ideal because they are electrically anisotropic. The previous 
development must therefore be modified to account for tissue anisotropy 16 1,791. 
In general, the anisotropic biological medium can be viewed as having a dzerent 
conductivity in the three principal axis directions x,, y, and z, The conductivity in the 
three directions wiii be dehed  as cr, a, and q. If the biological tissue medium is 
assumed to be electrically homogeneous and anisotropic, the conductivity values in the 
three directions will be constant. Through the use of a coordinate transformation, the 
anisotropic situation can be transformed to an isotropic one where the prirned values are 
associateci with the new coordinate system as shown: 
The parameter oc is an arbitrarily chosen constant that represents the conductivity 
of the virtual isotropic medium. In the vimial system, the potential distribution (is chosen 
such that potentiai at the transfomed coordinates x', y', z' are identicai to  the potential at 
thex, y, z.wordinate in the original system as per equation (A6). 
If we  consider the case of homogeneous anisotropic skeletal muscle tissue as an 
example, we  can define the coordinate system such that the xeand z. directions are parailel 
to  the low conductivity direction and the y, direction is parallel to  the high conductivity 
direction. Given the expression for the relationship between the stimulus current, the inner 
electrode potential and the conductivity that was denved for the four electrode 
configuration shown in equation (A.4) and the geornetric variable transformation of 
equation (AS), an expression can be denved relating the conductivity in the directions 
transverse and parailel to  the muscle fibers to the stimulus current amplitude and the inner 
electrode potential difference as per: 
In the above expressions, the m variable is the inter-electrode spacing, V& is as defined in 
equation (A3), I, is the stimulus current amplitude and o i s  the wnductivity. The capital 
subscripts L and H indicate potential measurements and conductivity values for the low 
and high wnductivity directions respectively. 
A.2 Experirnental Techniques for Measurine Skeletal Muscle TissueConductivity 
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Figure A.2 Block diagram of swept frequency tissue wnductivity apparatus. A tissue 
specimen is excited by a sinusoidal current signal that is generated fiom a voltage 
controlled oscillator. The dEerentia.1 voltage generated across the two inner electrodes 
of the four e l d e  configuration shown in Figure A. 1 is amplitude demodulated. A 
phase derector is used to cieterxnine the phase shift between the sinusoidal excitation 
current signal and the sinusoidal potential waveform measured fiom the tissue sample. 
The excitation current amp!itude is converted back to a differentid voltage signal and 
amplitude demodulated to detennine the amplitude of the excitation current. A voltage 
control signal steps the voltage controlled oscillator frequency and a measurernent of the 
complex amductivity is made at the desired number of points across the usable system 
bandwidth. 
The preferred approach of measuring skeletal muscle tissue conductivity, fiom a 
historical perspective, is based on a swept frequency technique [22]. Figure A2 is an 
illustration of the basic instrumentation for a swept frequency conductivity measurement 
apparatus. The basic idea behind the swept fiequency technique is to  excite the tissue 
specimen with a sinusoidal current source where the current is driven between the two 
outer electrodes of the traditional four electrode configuration. The sinusoidal current 
fiequency is swept fkom low to high freguencies and the resultant potential amplitude is 
measured at each of the fiequency steps. In addition, the phase difXerence between the 
excitation current sinusoid and the resultant potential sinusoidal wave is measured. 
The one principal advantage of the swept fiequency approach to tissue 
conductivity measurement is the large measurement bandwidth available. Bandwidth 
limitations associateci with this technique are dictated by the bandwidth of the voltage 
controiied oscillator and the components used to constmct the amplitude demodulators 
and the phase detectors. A disadvantage of the swept frequency technique is the tirne 
required to obtain conductivity measurernents across the bandwidth of interest 
particularly at iow freguencies. The relatively long measurement time is particularly 
critical when in vivo measurements are performed. A swept fiequency conductivity 
measurement apparatus, in generd, requires more components than the pulsed transient 
measurement method that will be discussed below. However, no analog to digital 
sampling hardware is necessary since the cornplex conductivity can be calculated fiom the 
amplitude dernodulator and phase detector signal values. 
An altemate and in some instances preferable technique to  the swept fiequency 
method discussed above is the pulsed transient technique fïrst described by Teorell [80]. 
This method is borrowed fiom a method that is more farniliar in the field of electronics 
and is used to obtain the frequency response of a circuit by exciting it with a transient 
pulse signal and measunng the output. 
The fomulae that relate the measured potential between the inner hvo electrodes 
and the anisotropic conductivity using the four electrode configuration were initially 
derived by Rush [63] and used by other investigators. These fomulae  are re-written 
below with the modification that the stimulus current variable I& and the measured 
voltages in the high and the iow conductivity directions Y& and V ~ f lrespectively are 
explicitly shown as fûnctions of fkquency. The variables q5HU) and LU) represent the 
phase shift between the voltage and current for the high conductivity and the low 
conductivity directions respectively. 
Construction of  the pulsed transient tissue conductivity measurement apparatus 
can be accomplished with fewer overall components than the swept frequency apparatus 
that was described earlier. Ail that is required is a transient current stimulator, a 
differential amplifier and an anaiog to digital converter which is interfaced with standard 
personal cornputer hardware. A block diagrarn of the completed pulsed transient tissue 
conductivity measurement system is shown in Figure A 3 .  
The pulsed transient tissue conductivity method has the advantage of extremely 
rapid measurement tirne since the entire measurement bandwidth can be obtained by 
recording the stimulus and the response waveform of a single pulse. In practice, it is 
advantageous to stimulate the specimen with severai identical current pulses and 
synchronousty average the stimulus and the response waveform for the purposes of white 
noise reduction. The most significant and h i t i n g  drawback of the pulsed transient tissue 
conductivity measurement approach is the limitations on the obtainable bandwidth. From 
a theoretical perspective, the pulsed transient technique should have a virhially infinite 
bandwidth since the fiequency spectrum of the a stimulus current pulse is in theory 
infinite. In practice the usefil bandwidth has been observed to be iimited to 
approximately half of the inverse width of the stimulus current pulse for current pulse 
amplitudes of approxirnateIy 500 pA. The obtainabfe bandwidth can be increased by 
decreasing the stimulus current pulse width since a decrease in stimulus pulse width 
constitutes an increase in the bandwidth of the stimulus current pulse spectrum. There is 
a Iower lirnit on the stimulus current pulse width that can be used in these measurements 
that is dictated by the maximum sarnpling fiequency of the analog to digital converter 
hardware. Figure A4 is a plot of the impedance magnitude and phase as obtained 
expenmentally from a parallel RC circuit. The PSPICE simulations of the theoretical 
frequency response magnitude and phase have been superimposed on the plot as a 
continuous curve. 
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Figure A.3 Block diagram illustrating the major components of the pulsed transient 
tissue wnductivity experiment. A transient current stimdator is used to generate a 
current pulse. The resulting potential measured between the two voltage sensing 
eledrodees is amplified and the signal is recorded using an analog to digital conversion 
b w d  in a personal cornputer. In addition, the stimulation current waveform is also 
sampled using the same A/Dboard. 
Figure AS  is a graph of the cornplex conductivity magnitude and phase obtained 
fiom conductivity measurernents canied out on poultry breast skeletal muscle tissue in the 
transverse and parallel directions to the muscle fibers. These measurements were 
conducted with an electrode spacing rn of 1 mm. Placement of the electrodes was 
accomplished using a stereoscopic microscope and g l a s  reticle with a 100 Pm per division 
measurement grid. A 400 pA stimulus cunent amplitude was used. In general the 
conductivity magnitudes that were obtained in these experiments were greater than would 
be expected. These results are likely due to the fact that Our measurements were not made 
on fresh animai tissue in vivo but on in vitro specimens. An increase in tissue conductivity 
with tirne after death has been reported by other investigators 191. 
In other respects, the results are sirnilar to observations made by Gielen et al. 1221 
for the bandwidth investigated. Gielen's results show a positive phase shifl in the 
conductance for the direction paralle1 to the muscle fibers and a negative phase shift for 
the perpendicular direction within the investigated bandwidth. For the majority of the 
spectrum, the observed trend is a larger wnductivity in the direction parallel to the muscle 
fibers and a smaller conductivity in the perpendicular direction. 
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Figure A4 Plot of the measund impedanœ magnitude and phase of a parailel RC 
c i - t- x. The paralld resistanœ is 100 R and the parailel capacitance is 1.47 p.A 
theoretidy calcuiateü plot of the fhquency response magnitude and phase have been 
superimposedon the plot 
Figure A5 Plot of the measuredcornplex amductivity magnitude asid phase of a poultry 
skeletal mw1e tissue sample. P d e l  condudivit- data -*,transverse anductivity 
data - x. 
Appendix B: Automated Instrument Prototype for 
Consistently Determining the 
Optimal Stimulus Electrode Dipole 
Orientation 
A novel experiment for ascertainhg the effects of variable stimulus electrode 
dipole onentation was presented in Chapter 5. The motivation for canying out these 
experiments was to gain an appreciation of the effects of stimulus electrode onentation on 
the amplitude of the resulting M-Wave during routinely performed clullcal 
electrophysiological testing. There are many factors that iduence the magnitude of the 
measured electrical response of a muscle when the motor nerve is stimulated such as the 
stimu1us amplitude, the placement of the stimulus electrode dipole and the orientation of 
the dipole relative to the motor nerve. The results of the experiments presented in 
Chapter 5 demonstrated that there was a significant dEerence in the elicited response at 
various levels of eiectrical current stimulation for dEerent stimulus dipole orientations. 
Whiie it may be argued that the electrode orientations that were investigated represented 
extreme cases and that such a degree of variability would not be encountered clinically, 
variations in electrode placement of five to ten degrees in a clinical setting would not be 
out of the ordinq.  
B.l Instrument Desien Philosophv 
There are several possible approaches that may be considered that could 
compensate for the changes in the stimulus response associated with variable stimulus 
electrode onentation. A purely theoretid approach would involve attempting to account 
for these variations in a volume conduction mode1 and using the results of these simulated 
effects to scaie the measurements. Unfominately, this approach would require volume 
conduction models specific to each stimulus site and even if such a variety of models could 
be generated, they would not account for the anatomical variability in terms of the local 
tissue stmctures that is routinely encountered between individuals. A much simpler 
approach, when only the maximum M-Wave is required is to increase the stimulus 
amplitude. However, this may cause considerable stimulus pain and even then, the 
maximum M-Wave may not be achieved because of operating Limitations on the 
equipment. Such operating Limitations on stimulus current amphde  can a i s e  when the 
nerve lies fairly deep in the tissue. Another practical approach would be beneficial such as 
an automated technique for consistently determinhg the optimal stimulus electrode 
orientation. The block diagram of Figure B.1 represents a system level overview of what 
was required to build an instrument of this type. 
With the advent of modem day personal cornputers, implementation of the device 
proposed in Figure B. 1 was relatively straightforwara. The system consists of a stimulus 
current pulse generator of the type that is routinely used clinically that is triggered by a 
rnicrocomputer through a custom designed digital input/output port. Recordmg 
electrodes on the subject' s target muscle group detect the electncal response of the muscle 
1 
to the excitatory stimulus. This signal is amplified and then digitally sampled using a 
custom designed analog to digitai board. 
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Figure B.1 Automatecl instrument prototype for consistent selection of optimal stimulus 
electrode orientation. The block diagram illustrates the main crirnponents that comprise 
the system. The current pulse from the stimulator is routed to a pre-selected stimulus 
electrode dipole with the switching module under amputer control. Not shown 
explicitly on the diagram is the instrumentation amplifier used to ampli@ the detected 
signal. 
Figure B.2 illustration of electrode dipole array on the forearm. The diagram shows a 
three dipole electrode array with the dipole orientations separated by 45O. The typical 
dipole separation is a few œntimeters. (The above drawing is not to scale.) 
The automated selection of  optimal electrode orientation is accomplished by a 
cornputer controlled electronic switch that can selectively route the stimulus current pu!se 
from the stirnulator through any of several paths. Each of these current paths is connecteci 
to its own stimulus electrode dipole that is placed on the subject. An array of these 
dipoles, each one of which is connected to its own current path, can be placed on the 
subject at different orientations as shown in Figure B.2. By automatically routing the 
current through different stimulus electrodes at different orientations and sampling the 
stimulus current response, the instrument can detect the stimulus electrode onentation that 
consistently yields the maximal response. The electrode orientation yielding the maximal 
response would be considered the optimal stimulus electrode onentation. 
Subsequent to determination of the optimal stimulus electrode orientation, it is 
convenient to leave the electrode array in place for the remainder of the 
electrophysiological testing. The instrument can be powered d om  and the cornputer 
connection disengaged after which the optimal current path that was deterrnined by the 
software can be manually selected using a series of switchw on the fiont end of the panel. 
The operator also has the option of using an integrated test environment hardware system 
for EMG analysis such as the Advantage EMG machine because the stimulator temiinals 
fiom the integrated system can be connected to the fiont panel of the switching 
instrument. 
B.2 Limitations of the Prototv~e 
The prototype that was implemented is limiteci in the nurnber of stimulus current 
paths and consequently stimulus electrode dipole orientations that are available for testing 
to three. An instrument with more channels could be easily implemented by extending the 
prototype design to include more path modules. From a practical perspective, the number 
of electrode dipoles at different orientations that can be placed on a subject remains the 
principal constraint to the number of different electrode dipole orientations that could be 
tested. A practicai design for clinicai use would benefit fkom a custom designed reusable 
or disposable electrode array with dipoles placed at several fixed orientations. This type 
of electrode array could Likely achieve a greater density of stimulus electrode orientations 
than is possible with the manual placement of disposable surface electrodes. As an 
dtemative to this approach, a relatively smaii number of dipoles that oniy dZer by 20" 
could be used since an electromyographer already has a general estimate of the nerve 
orientationat specific cornrnonly used stimulus points such as the wrist. 
The stimulus current variables such as the stimulus puise width and amphde  are 
configureci on the control panel that is associated with the stimulus current generator that 
was used (Dogwood CMS1-200). Choice of stimulus wavefom variables are therefore 
lirnited to the settings available on the stimulator. For the stimulus amplitudes this range 
encampasses hundreds of microamps to tens of miiIiarnps. The stimulus current pulse 
width has five settings ranging fkom 50 microseconds to 2 ms. 
B.3 Detailed Instmment Desipn 
B.3.1 Switchinp Module 
The design of the switching module is based on a bipolar junction transistor driven 
relay as shown in the diagram of Figure B.3. Each individual current path is constructed 
with one transistor switch combination. The current path is closed when the transistor is 
turned on by way of a TTL decoder foliowed by an inverter. During testing, the manual 
switches are set to the open position and the current path is selected under cornputer 
control through one of the reed relays. 
Figure B.3 Electronic diagram of the swîtching module. The diagram ilIustrates the 
transistor relay modules that comprise the curent routing mechanism. Interface to the 
PCVO board is shown. 
M e r  the optimal sthulus electrode dipole orientation is detemiined, the electronic 
device can be disengaged and the optimal path selected manually with the appropriate 
switch located at the fiont of the switching module instrumentation panel. As was 
mentioned earlier, the number of dif5erent stimulus electrode orientations can be extended 
by increasing the number of transistor-reed relay modules. 
B.3.2 I/0Interface Circuit 
The heart of the UO interface wnsists of the 8255 parailel programmable 
penpheral intefice integrated cirarit. This device includes three eight bit I/0 ports that 
can be configureci for input or output. The device is interfaced to the PC AT industry 
standard architecture (ISA) bus by decodig the address placed on the bus during a I/O 
port write statement using two TIZ 74688 magnitude wmparator integrated circuits. 
When an address is placed on the ISA bus, two magnitude comparator chips compare the 
high byte and the low byte of the address to a user selected address chosen for the board 
and rnanudy set using dip switches. Ifboth the high and low byte address are identical to 
the user selected address the 8255 chip is activated and a data read, write or device 
wmmand can be issued to the 8255 fiom the ISA data bus. The exact operation is 
specified by the two most least signincant bits of the address which are routed directly to 
the device and not to the magnitude comparators as are the other address bits. The output 
of the two magnitude comparators must be passeci through a TTL OR gate in order to 
generate the single line signal for the 8255 chip select. Two additional lines nom the PC 
ISA bus rnust be interfaced with the read and write lines on the 8255 chip so that the 
device can perfionn a read or wrïte operation as requested by the software r u h g  on  the 
personal computer. Al1 the devices on this board can be powered fiom the +5 volts supply 
and ground located on the PC ISA bus. 
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Figure 8.4 Diagram ofthe VO board electronics. The diagram illustrates the input and 
control signals h m  the ISA data bus to the 8255 device and the Iogic required to 
decode the address. 
The current prototype of the board only uses two of the three available ?/Oports 
for parallel digital data transfer f?om the computer to an extemai device which in the case 
of the electrode orientation instrument is the switching module that was described above. 
These digital I/0 Iines are codigured in the output mode to select a specific stimulus 
current path in the switch and to tngger the stimulus current generator to output a single 
current pulse. Figure B.4 illustrates the design of the I/O board. 
B.3.3 A/D Converter Circuit 
The analog to digital (AD)  converter was designed around the Analog Devices 
AD7824 8 bit A D  converter integrated circuit. Normdy in electromyography 
applications, a twelve bit A D  is used to be able to sample the signals with a relatively hi& 
degree of accuracy. An eight bit A/D device was chosen for the prototype because the 
instrument is only required to dserentiate between relatively large changes in M-Wave 
amplitude. Reproduction of the h e  details of the M-Wave signal required for cfinicd 
work are not necessary in this application. The AD7824 is a versatile four channel analog 
to digital sarnpiing chip with a 100 lcHz maximum sampling rate. The device is powered 
from a single positive +5 volt supply and requires signal conditioning on the analog input 
for bipolar signals. This is accomplished with an operational amplifier circuit that maps 
the bipolar signal range into a positive rangecompatible with the device input. 
Figure B.5 Diagram ofthe A/D board electronics. The diagram illusirates the input and 
control signals fiam the ISA data bus to the AD7824 device and the logic required to 
decode the address. 
From the perspective of microprocessor bus interfacing, the AD7824 requires the 
data bus address to  be decoded in an identical fashion to the procedure described for the 
8255 parailel programmable penpheral interface device. The diagram of the A / '  board 
circuitry is therefore virtuaiiy identical to the y0 board circuitry with respect to the 
decoder. The two lowest bits of the address bus are wired directly to  the address h e s  on 
the A/D device. This connection allows the dnver software to  select which of the four 
analog input channels is to  be sampled. 
As was mentioned previously, the input to the AD chip is conditioned by way of a 
signal conditionhg circuit. When the VO port address matches the preset address of  the 
decoder dip switches and is accarnpanied by an y0 read strobe, the analog input signal is 
sampled and converteci to an 8 bit byte that is placed on the ISA data bus. The custom 
software written for the AD board must then map the eight bit data sample to the 
correspondmg voltage. 
B.4 Calibration and Testine Issues 
Since the I/O port read statements were generated fkom within the dnver software, 
maxirnization of the sampling rate was highly dependent upon optimal coding strategies. 
A constant sampling rate of 98 lcHz was achieved on an 80386 machine. It should be 
noted that the sarnpling rate for this proposed instrument design will be dependent on the 
speed of  the cornputer. Testing of the sampling rate was carried out with a standard 
square wave signai generator and an oscilloscope trace that was compared to the spacing 
o f  the digitized sample points. The information from this cornparison was used to 
generate an estimate of the sampiiig interval. 
Figure B.6 is a plot of an M-Wave sampled using the instrument describeci in this 
appendix. The recording was taken fiom the thenar muscle. 
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FigureB.6 Digitaily sampled M-Wave plot The M-Wave recording taken fiom the 
thenar muscle was eticitedand sampled using the instrument deçcribed in this appendix. 
A stimulus pulse width of200 ps and an amplitude of 20 mA was used. 
One important aspect of the design that can be irnproved is the front end driver 
software. The DOS based driver software that was developed for this instrument js not 
suited to multitasking operating systems. Because the multitasking operating system must 
allocate system resources to severai different applications that are running at the same 
tirne, a uniforni sampiing rate is not possible. The obvious solution to this problem is to 
redesign the A/D samphg hardware such that the hardware controls the sampling rate by 
way of an on board oscillator. This approach necessitates that the digitaily converteci 
sarnpled data be stored in on board memory. When the data sampling operation is 
cornpleted, a fiont end software program can download the data through the PC parailel 
or seriai port. 
Appendix C: 	 Least Squares 
Decomposition 
To corroborate the estimates obtained for the average recruited nerve fiber 
diameter, a non-negative least squares algorithm was applied to digitdy sampled M-wave 
responses elicited with the sarne stimulus current amplitude but dierent pulse widths. 
The least squares decomposition technique was applied by first recording a 
representative motor unit action potential elicited by applying low level aiment pulses of 
approximately 20 mA and 100 ps to the median nerve by an electrode dipole placed on the 
medial side of the non dominant upper arm, proximal to the elbow. Recording an 
individual motor unit action potential was necessary to obtain a template that would be 
used in the subsequent least squares decomposition. The second aep was to obtain a 
wmpound M-wave recording using stimulus current pulses within the range of 100 ps to 
500 ps while maintainhg a constant stimulus current pulse amplitude. A non-negative 
l e s t  squares aigorithm implemented in MATLAB was used to obtain a decomposition of 
the rewrded compound M-waves accordmg to (C.l) where y~ is a vector consisting of 
the sampled compound M-wave points, # is a matrix containing the s d e d  and time 
shiAed motor unit action potential template data and au is the coefficient vector. The 
colurnns of the O matrix consists of the tirne shifted and sded  templates and the 
coefficient vector am yields the number of each of these templates that must be 
superirnposed to obtain an estimate of the motor unit action potential. The latency of each 
of these templates is related to the diameter of the associateci motor nerve fiber as per 
equation (5.1). The coefficient vector am yields the distnbution or put simply, the number 
of each size of motor nerve fiber from which the responses must be superposeci to 
reconstrua the compound M-Wave of y ~ .An estimate of the average recruited nerve 
fiber diameter cm be computed f?om the coefficient vector. 
This decomposition technique was applied by Schoonhoven and colleagues to 
wmpound action potentials of peripheral nerves for the purpose of deterrnining the 
number of active fibers contributhg to the compound action potential and the distribution 
of their conduction velocities [8 11. 
To apply the least squares technique, the system of equations in (CA) should be 
over determined. The non-negative least squares technique solves the over determineci 
system of equations yielding a coefficient vector au. As implied in the name of the 
algorithm, there is a constraint placed on the solutions that none of the components of the 
vector am may be negative. The non-negative constraint arises fiom the fact that there is 
no physical interpretation for a negative quantity of fibers of a specific diameter 
contributing to the overali compound M-Wave. 
A distnbution of motor nerve fiber diameters was calculateci for each recorded M- 
Wave at the dinerent arrent pulse widths. From the distnbution, estimates of the average 
recruited nerve fiber diarneter were obtained and normalized as was done in the variable 
pulse width motor unit estimation study. The results for the single subject tested aiso 
exhibit the same marginal downward trend as has been consistently observed in the other 
variable pulse width experimental and simulation results. 
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Figure C. 1 PIot of the estimate of the average recruited nerve fiber diameteras 
a fiuiction of stimulus current puise width based on the d t s  of the non-
negative Ieast squares decomposition method applied to data taken fkom one 
subject-
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